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NOMENCLATURE
a3, a2, a3 = collusion factor, frequency factor, or pre­
exponential factor in the postulated mechanism for reaction 
steps 1, 2, and 3
A = insoluble protein nitrogen
[A] = insoluble protein nitrogen concentration 
B = soluble protein nitrogen
[B] = soluble protein nitrogen concentration 
C = nonprotein ammonia nitrogen
[C] = nonprotein ammonia nitrogen concentration
[CD] , [CP] , [CG] = concentrations of reactants D, F, and G
d, f, g = orders of reactant concentrations [CD] , [CF] , and 
[CG]
E = temperature characteristic term
E3, E2, E3 = temperature characteristic term in the 
postulated mechanism for reaction steps 1, 2, 3
hlf h2, h3 = order of hydrogen ion concentration in the 
postulated mechanism for reaction steps 1, 2, 3
fT = hydrogen ion
[BT] = hydrogen ion concentration
k = specific reaction rate, or rate constant
k0 = Arrhenius constant
k3, k2, k3 = rate constant in the postulated mechanism for 
reaction steps 1, 2, 3
n3, n2, n3 = corresponding orders of [A] , [B] , and [A] in
the postulated mechanism for reaction steps 1, 2, 3
mi.A, m2.A' m3.A = stochiometric coefficients of [A] in the 
postulated mechanism for reaction steps 1, 2, 3
m1>B = stochiometric coefficient of [B] in the postulated 
mechanism for reaction steps 1
mi,c' m2,c = stochiometric coefficients of [B] in the
xv
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postulated mechanism for reaction steps 1, and 2
ni.H' n2,H' n3.H = stochiometric coefficients of [IT] in the 
postulated mechanism for reaction steps 1, 2, 3
p = stochiometric ratio term in Equation (5.5)
q = stochiometric ratio term in Equation (5.5)
t = time
T = absolute temperature
xvi
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ABSTRACT
The mechanism of fish protein solubilization by acid 
hydrolysis at elevated temperatures was investigated. Rate 
expressions for the solubilization were determined using 
pilot scale data with two different rate determination 
methods. A postulated mechanism was verified and estimated 
rates were evaluated on five independent verification 
experiments. A functional relationship between nonprotein 
byproduct concentration and whiteness of fish protein 
hydrolysate (FPH) was developed. Initial and set-point 
operating variables were calculated to produce FPH with 
acceptable color characteristics for food use.
A batch reactor was used for duplicate hydrolysis 
trials conducted at three acid and three temperature levels 
for four hours. Samples were analyzed for soluble protein 
nitrogen, insoluble protein nitrogen, nonprotein nitrogen, 
and hydrogen ion concentrations as well as color. A decrease 
in the insoluble protein and hydrogen ion concentrations and 
an increase in the soluble protein and free ammonia 
concentrations are observed with increasing temperature. 
Observations also included the formation of free ammonia 
byproduct parallel to protein hydrolysis. A non-unimolecular 
"side reaction" describing the solubilization mechanism was 
postulated. Concentrations were analyzed with mid-point slope 
method and nonlinear fit of the raw data to determine 
reaction orders and reaction rate constants.
xvii
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Five sets of independent experiments were conducted 
at low acid levels and temperature step changes to verify the 
postulated mechanism and evaluate the rate determination 
methods. The mid-point slope method was found more accurate 
for determination of the reaction rates than the simultaneous 
nonlinear fit of the raw data. Observed and predicted values 
obtained using postulated mechanism compared well. However, 
very low initial acid concentrations were beyond the 
limitations of the postulated acid solubilization mechanism.
The functional relationships between acid 
concentration and protein hydrolysate color were studied for 
determination of critical concentration and temperature 
levels to obtain hydrolysate products with acceptable color 
properties. A strong negative correlation, was observed 
between the lightness and nonprotein byproduct. Usefulness of 
the solubilization mechanism was shown in an example 
calculating the steady state temperatures and initial 
hydrogen ion concentrations for a fixed processing time, to 
produce FPH with desired whitness.
xviii
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I INTRODUCTION
Byproducts from the seafood industry such as offals, 
frames and heads create a significant disposable problem 
(Jaswal, 1990). The estimated amount of annual solid waste 
generated by the U.S. seafood industry is more than 1.2 
million tons (Tarky et al., 1973). Of this amount, 
approximately 50% is used as animal feed with the majority of 
the remaining amount dumped into sanitary landfills 
(Montecalvo et al. , 1984). Fish fillets are usually about 
20% of the weight of live fish and in some cases the amount 
of byproducts can range as high as 90% of the total live fish 
(Lanier and Thomas, 1978) . Traditionally, seafood processing 
waste is identified as a byproduct with minimal value (Meyers 
and No, 1995). However, strict enforcement of pollution laws 
and prohibitions on indiscriminate dumping requires that 
alternate uses of byproducts be found for the long term 
economic viability of the seafood industry (Jaswal, 1990).
Value-added uses of seafood byproducts include 
production of protein hydro lysate, soluble proteins and amino 
acids, and recovery of bio-generated seafood flavor compounds 
(Meyers and No, 1995). Additionally, seafood processing 
byproducts can be used in aquaculture, as animal and pet 
feeds, agricultural fertilizers and food ingredients for 
human consumption either as liquid concentrates or dried 
powders (Meyers, 1994; Pariser, 1969; Jackson et al. , 1984).
1
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2One method for the conversion of seafood processing 
byproducts to a usable product is through production of a 
standard fish meal (Wheaton and Lawson, 1985) . Standard fish 
meal is a dry, high protein product suitable for use as an 
animal feed supplement (Wheaton and Lawson, 1985) .
An alternative to standard fish meal is production of 
fish protein hydrolysate for human consumption (Pariser, 
1969). Production methods include recovery of denatured 
protein and amino acids using acid or enzyme solubilization 
(Pariser, 1969; Adler-Nissen, 1977). Commercially available 
enzyme catalyzed protein hydrolysates first appeared during 
World War II when pepsin was used to modify soya protein to 
replace egg white in the confectionary industry (Adler- 
Nissen, 1986). However, formation of bitter soluble 
fractions during solubilization of fish protein with 
proteolytic enzymes is a significant problem, limiting the 
food use of hydrolysate products (Hevia et al., 1976; Hevia 
and Olcott, 1977).
Development of acid-base systems for hydrolysate 
production from fish dates to World War II when whole fish 
were used to produce a water-soluble, powdered egg-white 
substitute (Pariser, 1969) . Work on the production of edible 
fish protein with acid hydrolysis has lead to subsequent 
research on nutritional aspects of fish flour (Guttman and 
Vandenheuvel, 1957; Pariser, 1969). However, wide variations 
have been observed in nutritional value of fish flours
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3obtained from the hydro lysate (Morrison and McLaughlan, 
1961) . Quality differences arising from raw material 
variations and/or processing procedures have limited the 
adoption of acid hydrolysis for the production of fish 
protein concentrates (Morrison and McLaughlan, 1961) .
The kinetics of acid solubilization of fish protein 
has largely been overlooked in deference to research aimed at 
understanding enzymatic processing conditions that would 
produce protein hydrolysate with acceptable characteristics 
(Archer et al., 1973; Bhumiratana et al., 1977; Cheftel et 
al., 1971). Further research on the kinetics of hydrolysis 
promises to establish a means to obtain products with 
acceptable functional properties for use as food supplements 
(Mackie, 1982; Hale, 1969). Without a further understanding 
of hydrolysis kinetics, economical processes for 
solubilization of fish protein will remain elusive and 
technical solutions to unacceptable functionality problems 
will remain unsolved (Adler-Nissen, 1976).
Implementation of hydrolysate technology promises to 
produce inexpensive high nutritive food additive while at the 
same time reducing processing costs and waste products 
compared with standard fish meal (Pariser, 1969). Technical 
development of protein hydrolysate is expected to support the 
seafood industry through improved utilization of incomplete 
or under-utilized marine and freshwater resources (Shnhidi, 
1994) .
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4Total U.S. catfish production in 1980 was about 3 0 
million kg, producing an estimated 9 million kg of byproducts 
(Shiau, 1994). Accordingly, the commercial catfish industry 
has significant potential to use hydrolysate technologies to 
recover unutilizable processing byproducts (Shiau, 1994).
1.1 Investigation Objectives
The focus of this research was to examine acid 
solubilization of catfish protein. Functional relationships 
between the operating variables, reactant and product 
concentrations, and final product color were considered 
through systematic engineering research. No study has been 
reported that describes the mathematical and kinetic aspects 
of the interacting mechanisms of acid concentration, 
processing time and temperature of catfish protein 
solubilization. The aim was to apply an understanding of acid 
solubilization of catfish protein and identify process design 
parameters to produce liquid protein hydrolysate with 
required color characteristics.
The specific objectives of this work were:
1) Determination of a kinetic mechanism for acid 
solubilization of catfish protein at elevated temperatures;
2) Derivation of rate expressions for catfish protein 
solubilization involving a functional relationship of 
reactant and product concentrations valid over a range of 
operating variables; and
3) Calculation of initial and set-point operating
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5variables that produce FPH with desired color 
characteristics.
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II BACKGROUND
2.1 Availability and Recovery of Fish Protein
Protein is a high moleculer weight compound composed 
of linked amino-acids in specific peptide chains and plays an 
important role in the human diet, Figure (2.1) (Lehninger et 
al., 1993; Dave et al. , 1991; Lee, 1983) . There is a need 
for additional protein in diet in many countries (Sikorski 
and Pan, 1994; Guttman and Vandenheuvel, 1957). Potential
problems with meeting global food protein demands has lead to 
growing attention to seafood proteins in alleviating protein 
malnutrition in human diet (Mackie, 1982; Adler-Nissen, 1986; 
Sikorski, 1994). The estimated annual world catch of fish is 
100x10s tons and yields an estimated 13x10s tons of crude 
protein (Sikorski and Pan, 1994) . The potential for the 
world catch without harming the ecological balance is 
estimated to be 200xl06 tons annually (Sikorski and Pan, 
1994) . The annual world harvest of fish from sustainable 
aquaculture and mariculture is estimated to be about 10x10s 
tons, an increase of more than 60% in the last decade, and 
currently contributes to 10% of the annual world catch 
(Sikorski and Pan, 1994) . Fish protein utilized as food 
generally is consumed as whole muscle and accounts for only 
15-3 0% of the total world catch (Shahidi, 1994) . At present, 
65% of the crude fish protein is either consumed as animal 
feed or lost in unrecovered byproducts (Mackie, 1982; 
Sikorski and Pan, 1994) . A majority of fisheries wastes
6
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originate from processing byproducts and unutilized or 
underutilized species that are fished unintentionally 
(Shahidi, 1994; Mackie, 1982). Processing byproducts are 
currently either dumped at sea, disposed of in-landfills, 
composted or used as fertilizer, and/or used in the 
preparation of fish meal (Shahidi, 1994) . Standard fish meal 
is a non-food item, and economic and environmental 
constraints continue to motivate the need for further 
research in the utilization of processing byproducts 
(Shahidi, 1994; Jaswal, 1990). One important alternative for 
utilization of fisheries byproducts is the value-added 
production of fish protein concentrate (Shahidi, 1994; 
Spinelli et al., 1972).
2.1.1 Standard Fish Meal
Fish meal has a firmly established market and conversion 
of a significant proportion of world's fish resources to feed 
through standard fish meal processing has been shown to be 
economically advantageous to dumping (Mackie, 1982). Fish 
meal is a dry high protein product used primarily as the 
animal or pet food as well as aquaculture feeds in commercial 
fish farming (Pike, 1989; Kifer, 1969) . Canned cat foods may 
contain from 10 to 100% dehydrated fish meal (Kifer, 1969). 
Fish meal is used as a supplemental source in animal feed 
formulations as a source of protein, minerals, vitamins, and 
calories and has been shown to be economically advantageous 
as a source for critically needed trace nutrients in feeds 
(Snyder, 1969).
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9A schematic diagram for the production process of 
standard fish meal is shown in Figure (2.2) . The process 
begins with the introduction of non-deteriorated whole fish 
species or byproduct materials into a continuous cooker at 95 
to 100°C. During cooking, up to 60% by weight of the raw 
material is released as liquid, either unbound water or 
melted lipid. Insufficient cooking does not release these 
liquids while overcooking produces a soft material that can 
not be separated from the liquid within the strainer and 
press (Snyder, 1969). Following pressing in a continuous 
screw press, the press liquor is passed through a centrifuge 
to remove suspended solids. The remaining liquid part is 
sent to an oil-separator. Solids from the press and 
centrifuge are fed to the driers and then transferred to a 
separator to remove solid contaminants. The dried material 
is ground, bagged, and commercially marketed as standard fish 
meal. Oils obtained during fish meal processing have various 
uses in the production of cosmetics and paints (Snyder, 1969; 
Wheaton and Lawson, 1985). Fish oil is generally considered 
a non-food item (Wheaton and Lawson, 1985) .
The economic feasibility of fish meal production is 
limited only to very high volume seafood processing 
operations because of the low price of standard fish meal and 
the relatively high capital investment in processing 
equipment (Shiau, 1994). Additionally, the cost of producing
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standard fish meal is related directly to the price of energy 
and is subject to regulatory pressure arising from potential 
water and air pollution problems (Jacobsen and Rasmussen, 
1984; Montecalvo et al., 1984). The considerable amount of 
soluble protein lost in process waste-water during the 
pressing stage and odor during the drying stage are 
significant environmental problems for standard fish meal 
technology (Wheaton and Lawson, 1985). Other disadvantages 
of standard fish meal technology include high bone (ash) 
content resulting in decreased digestibility and a tendency 
for end product quality to depend on the raw material quality 
(Lanier and Thomas, 1978) .
2.1.2 Fish Protein Concentrate
Fish protein concentrates (FPC) range from tasteless, 
odorless, light-colored materials to coarse meals, pastes or 
powders with varying degrees of flavor, aroma and color 
(Archer et al., 1973; Pariser, 1969). FPC products are a
protein source of high nutritive value, but often have poor 
functional properties for incorporation into food systems 
(Roland et al., 1978; Bhumiratana et al., 1977; Archer et 
al., 1973). Soluble FPC has been suggested for use in a 
variety of foods, including soups, weaning foods, and protein 
beverages (Dave et al. , 1991; Cheftel et al. , 1971; Roland et 
al. , 1978). However, most FPC products are not readily
soluble or dispersible and have low wetting and swelling 
properties (Archer et al. , 1973 ; Cheftel et al., 1971).
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Efforts for soluble FPC production included enzyme and acid 
hydrolysis but incorporation of fish protein concentrate into 
various food products with acceptable characteristics has had 
limited success (Bhumiratana et al., 1977; Archer et al. , 
1973). Off flavor formation in enzymatic solubilization of 
fish and poor understanding of the reaction kinetics of acid 
hydrolysis of fish protein has precluded further development 
of FPC technology to obtain products with acceptable 
characteristics for food use (Archer et al. , 1973). When
processed under sanitary conditions, protein concentrates can 
be used for human consumption (Archer et al. , 1973; Pariser, 
1969). However, the manufacture of protein preparations from 
fish for direct human consumption presents considerable 
technical problems (Mackie, 1982). Typically, fish protein 
concentrates are not readily soluble or dispersible in foods 
and suffer from color inconsistencies (Cheftel et al., 1971) . 
Protein solubility is an important functional property of 
protein concentrates and color has been a primary means for 
specifying regulatory thresholds for acceptable product 
(Rebeca et al. , 1991; Adler-Nissen, 1976). Degradation or 
denaturation of protein using enzyme or acid hydrolysis to 
produce a liquid protein hydrolysate is among the first steps 
to increase the solubility of fish protein concentrates 
(Rebeca et al., 1991; Adler-Nissen, 1976).
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2.2 Liquid Protein Hydrolysate
Protein hydrolysate is a rich amino-acid mixture 
derived as a result of protein (vegetable, soy, meat etc.) 
hydrolysis (Dave et al., 1991; Garbutt, 1993). In general, 
protein hydrolysis involves a depolymerization of protein to 
yield a mixture of free amino acids (Lehninger et al. , 1993) . 
Nearly all protein hydrolysis reactions are exergonic and use 
one water molecule per reaction, Figure (2.3) (Lehninger et 
al., 1993). Depending on the raw material, the process 
employed, and the extent and conditions of hydrolysis, the 
functional properties of hydrolysates change (Dave et al.,
1991) . While there are also reports of use of alkali for the 
manufacture of protein hydrolysate, the prodominate methods 
of manufacturing protein hydrolysates are enzymatic 
hydrolysis and acid hydrolysis (Dave et al., 1991; Montecalvo 
et al., 1984; Sen et al., 1962).
2.2.1 Enzyme Solubilization of Fish Protein
Nearly all liquid hydrolysates manufactured by 
biological means of protein solubilization have strong 
characteristic odors and flavors (Lalasidis and Sjoberg, 
1978; Pariser, 1969). Enzyme deactivation also can pose 
limitations to enzyme processing (Nakajima et al. , 1992).
During enzymatic hydrolysis, extensive and uncontrolled 
peptide chain degradation produce bitter compounds that can 
render product unsuitable for human consumption (Quaglia and 
Orban, 1987) . Prevention of off flavor development has
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centered on careful control of the enzyme hydrolysis process 
(Quaglia and Orban, 1987) and selection of the specific- 
enzyme substrate complex (Ricks et al., 1978). However, 
unknown factors cause difficulties in controlling enzyme 
hydrolysis and can result in hydrolysate with undesirable 
characteristics (Archer et al. , 1973 ; Ricks et al. , 1978;
Adler-Nissen and Olsen, 1982). In such cases, further 
processing is required for debittering or flavor masking 
(Roland, 1978; Soichi, 1980; Sullivan et al., 1973).
The kinetics of enzymatic solubilization of insoluble 
fish protein concentrate has been studied to anticipate 
processes that produce hydrolysate with acceptable 
characteristics (Quaglia and Orban, 1990; Archer, 1973; 
Sripathy et al., 1962; Bhumiratana et al., 1977; Cheftel et 
al. , 1971; Baek et al., 1995) . However, the kinetics of
enzyme-hydrolysis systems is dependent on the specific enzyme 
used and a narrow range of processing variable that could be 
adjusted to obtain products with acceptable functional 
properties for use as food supplement (Gildberg, 1993; 
Nakjima et al., 1992; Mackie, 1982; Hale, 1969; Quaglia and 
Orban, 1987; Miller and Groninger, 1976).
2.2.2 Acid Solubilization of Fish Protein
One alternative to the enzyme solubilization of the fish 
protein is acid hydrolysis (Dave et al. , 1991). Acid-base
hydrolysis procedures dates back to World War II with 
application to produce a hydrolysate from macerated whole
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fish (Pariser, 1969). Reportedly, several thousand tons of 
acid hydrolyzed fish protein was manufactured and used by 
Germany during the war (Pariser, 1969).
Guttman and Vandenheuvel (1957) reported a dilute acid 
hydrolysis of fish protein for hydrolysate production. This 
process used acid to adjust pH to 5.5 during hydrolysis for 
30 minutes at 75 to 78°C. After washing and pressing, 
further isopropanol extraction of press-cake produced
tasteless, odorless greyish-white colored flour-like material 
which was not soluble in water (Guttman and Vandenheuvel, 
1957). Subsequent research on an insoluble fish flour
examined the nutritional aspects of the product intended for 
human consumtion (Pariser, 1969) . However, nutritional 
quality differences arising from raw material variations 
and/or processing procedures have limited the adoption of 
acid hydrolysis for large scale production and developmental 
research in hydrolysate processing methods has diminished 
(Morrison and Campbell, 1960; Morrison and McLaughlan, 1961; 
Morrison et al. , 1962; Morrison, 1963 ; Morrison and Sabry, 
1963). Acid hydrolysis of fish protein is not well
established and economic feasibility has not been 
investigated (Pariser, 1969; Wheaton and Lawson, 1985)).
2.2.3 Solubilization Kinetics
Determination of a kinetic mechanism for 
solubilization of fish protein has practical and theoretical 
importance (Montecalvo et al., 1984; Lewis, 1974). Kinetic
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mechanism can reveal information about how insoluble fish 
protein is converted into soluble protein and how 
solubilization byproducts, or decomposition-products form as 
a result of acid hydrolysis (Espenson, 1986) .
In general kinetic studies can help understand the 
factors governing the rate and extent of a reaction and are 
especially useful in assisting the scale-up of a process 
(Lewis, 1974). Reaction rate equations for acid hydrolysis 
of fish protein can be used to predict system response to 
specific initial conditions and operating variables such as 
temperature (Eyring et al. , 1980) . An implicit hypotheses of 
this work is that if functional relationships between the 
characteristic properties of liquid protein hydrolysate (e.g. 
color) and the reaction concentrations (e.g. reaction 
products and byproducts) are available, the mathematical 
expressions describing process reaction kinetics can be used 
to determine the initial operating conditions that produce 
hydrolysate with acceptable final characteristics.
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Ill THEORETICAL CONSIDERATIONS
3.1 Reaction Kinetics
Reaction kinetics is the study of the mechanism for 
the interconversion of reaction species and the quantitation 
of individual reaction rates (Pilling, 1975; Lin et al. , 
1984). The subject of reaction kinetics is closely connected 
with three processing variables: time, concentration, and
temperature (Pilling, 1975). In reaction kinetics, the 
amount of a selected component being converted or produced 
per unit time per unit quantity of a reference variable is 
defined as rate of reaction (Lin, 1984; Petrucci and Wismer, 
1983; Pilling, 1975). Rate of a reaction is positive for 
examining a product, and negative for examining a reactant 
(Lin et al., 1984). Accordingly:
rate = -d[reactant]/dt (3.1)
or
rate = d(product]/dt (3.2)
where rate is the change of reactant and product with respect 
to time. The concentrations of the products or reactants 
under consideration can be in molar or mass units (Pilling, 
1975; Lin et al., 1984). The rate of a reaction that includes 
several products or reactants can be expressed as:
18
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(3.3)
where k is the specific reaction rate constant and [CF] and 
[CG] are the product or reactant concentrations and f and g 
are the reaction orders (Lin et al. , 1984) . Exponents in the 
reaction rate equations, Equation (3.3), are called the 
orders and the sum of the orders give the overall order of 
the rate equation (Pilling, 1975). Reaction order is 
determined considering the number of reaction species and 
must be established experimentally (Perry et al., 1963).
Reaction rates are often influenced by temperature 
(Perry et al., 1963). Accordingly, the reaction rate 
constant is defined as independent of the concentration of 
reacting species but dependent on other variables that 
influence the reaction velocity (Doran, 1995). The Arrhenius 
relationship is the most common and generally valid 
description of the temperature dependence of the reaction 
rates (Doran, 1995; Petrucci and Wismer, 1983; Zhao et al.,
1992). The classical Arrhenius relationship can be expressed 
as:
k = k0 exp(-E/T) (3.4)
where E is the temperature characteristic term (as activation 
energy divided by universal gas constant), k0 is the 
Arrhenius constant, independent of temperature (also known as
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the "frequency factor", "pre-exponential factor" or 
"collision factor"), and T is the absolute temperature 
(Doran, 1995; Davey, 1989; Ratkowsky et al. , 1982; Labuza, 
1984) . For many reactions the value of the temperature 
characteristic term is often positive and large, indicating 
a rapid increase in reaction rate constant with temperature 
(Doran, 1995) . A plot of In k versus 1/T gives a straight 
line with slope of -E and intercept of In k0 (Doran, 1995) .
If a reaction step consists of only one reaction 
species, it is called unimolecular (Pilling, 1975). The rate 
expression for a simple unimolecular irriversible reaction of 
the type:
D -> products (3.5)
can be postulated in terms of the change in reactant D as
rate = -kD [CD]d (3.6)
where kD is reaction rate coefficient for specific 
temperature condition, [CD] is the concentration of species 
D, and d is the reaction order. The value of d has to be 
determined emperically and if the value of d is equal to zero 
then the rate depends on only the temperature (Lin et al., 
1984; Pilling, 1975).
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If a reaction step is postulated in terms of more 
then one reaction species, it is a nonunimolecular rate that 
may be named depending on the number of reaction species like 
bimolecular, termolecular, etc. (Lin et al., 1984; Pilling, 
1975) .
3.2 Postulated Mechanisms for Protein Hydrolysis Reaction
Phosphoric acid was preferred for the 
solubilization of the fish protein at elevated temperatures. 
Phosphoric acid is a polyprotic acid with three ionizable H 
atoms and is used widely for production of acidified foods 
(FDA, 1992; Petrucci and Wismer, 1983). Phosphoric acid is 
generally recognized as a safe (GRAS) substance for use in 
acidified foods for human consumption (FDA, 1992; Petrucci 
and Wismer, 1983) . Acidified foods are defined as food 
products to which acid is added to achieve a finished pH of 
4.6 or below (FDA, 1992).
During acid hydrolysis of fish protein below pH 
5, the amino group is expected to be fully protonated while 
the carboxyl group is either undissociated or partially 
dissociated (Adler-Nissen, 1986). The carboxyl group of 
proteins is not dissociated below pH 2 (in the form -COOH), 
is partially dissociated at pH 2-5 (either in the form of 
-COOH or -COO') , and becomes fully dissociated above pH 5 
(-C00') . The amino group is fully protonated below pH 6 
(*H3N-), partially protonated at 6-9.5 (therefore either in 
the form of *H3N- or H2N-) and unprotonated above pH 9.5
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(H2N-) (Adler-Nissen, 1986). Therefore the hydrolysis of a 
protein is accompanied by a net release or uptake of IT 
depending on the pH conditions (Adler-Nissen, 1986) . 
Accordingly, pH is expected to change during the hydrolysis 
reaction, except in the region around pH 5-6, where the 
uptake and release of protons would yield no net charge 
(Adler-Nissen, 1986). The above considerations suggests that 
there will be seperate kinetics for acid hydrolysis of fish 
protein within the range of pH 2 - 5.
A decrease in the H+ concentration values during acid 
hydrolysis of protein below pH 5 is expected as there is an 
uptake of H* by amino or carboxyl ends (Adler-Nissen, 1986) . 
In a batch reactor where pH is left uncontrolled during 
protein hydrolysis, an increase in pH below pH equals 5 could 
be expected during hydrolysis (Adler-Nissen, 1986). This 
property is often used to determine the degree of hydrolysis 
through consideration of consumption of acid or base to keep 
the pH value constant in a reaction mixture (Adler-Nissen, 
1986; Adler-Nissen, 1979).
3.2.1 Gross Reaction Mechanism
In this work, a plot scale pressurized batch reactor 
was used with no input of acid or base during the hydrolysis 
process. Therefore the pH was free to rise or fall due to 
consumption or release of the H* depending on the pH region 
in which the reactor was operated. The consumption of 
hydrogen ions during acid solubilization of protein would
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23
yield the reaction steps:
ki
m1<A [A] + m1H [IT] -> m1>B [B] (3.7)
m2,B [B] + m2H [H*] -> m2>c [C] (3.8)
^3
m3>A [A] + m3H [H+] -> m3>c [C] (3.9)
where A is the insoluble protein, B is the soluble protein, 
and C is the decomposition product that are all expressed in 
terms of nitrogen contents as mg of nitrogen in 100 g 40% 
catfish mince solution, therefore, m1>A=mi>B/ ni2>B=m2>c, and 
m3.A=m3.c- Each acid hydrolysis reaction step of the 
postulated mechanism consists of two reactant species, 
therefore each postulated step is a gross bimolecular 
reaction. The postulated steps would yield the reaction rate 
equations:
d [A]
  = - k, [A]n: [fT]h: - k3 [A]ni [H*]* (3.10)
dt
d[B]
dt
d[C]
dt
= k3 [A]n: [H^ ]h; - k2 [B]“ [ H* ]h; (3.11)
= k2 [B]n; [H*]hs + k3 [A]n; [H"] ^  (3.12)
where [A] is the concentration of insoluble protein, [B] is 
the concentration of soluble protein, [C] is the
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concentration of decomposition byproduct in terms of their 
nitrogen contents while [H*] is the hydrogen ion
concentration; k3, k2 and k3 are the rate constants; nlf n2 and 
n3 are the orders of insoluble and soluble protein 
concentrations and hx, h2 and h3 are the orders of the
hydrogen ion concentrations in the rate equations. In a batch 
reactor the total nitrogen content is expected to remain 
constant and, therefore, sum of [A] , [B] , and [C] is a
constant number determined by the nitrogen content of the raw 
material used.
The orders of reactions in the general postulated 
mechanism have to be determined experimentally (Campbell, 
1980). The rate constants of the postulated general
mechanism, Equations (3.10)-(3.12) as well as the orders have 
to be determined simultaneously because of the complexity 
(interaction) between the reaction steps. In the general 
postulated mechanism, Equations (3.10) to (3.12), the 
experimental observations within the experimental ranges and 
levels, determines whether the postulated general mechanism 
is parallel type.
3.2.2 Side-Reaction Mechanism
A complex reaction system is defined as a reaction 
system in which more than one reaction processes occur 
(Benson, 1960) . Parallel or side reactions are classified as 
complex reactions (Pilling, 1975; Campbell, 1980).
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In the case of acid hydrolysis a side reaction or 
parallel reaction mechanism is that type where C would be a 
resultant byproduct produced from A. For such a scheme the 
general postulated mechanism takes the form:
d [A]
  = - kj. [A]n: [tT]hl - k3 [A]m [H*]^
dt
d[B]
  = k, [A] n: [H* ] hl
dt
d[C]
  = k3 [A]n: [FT]^
dt
for the steps:
m1-A [A] + m1>H [H‘] -> m1>B [B] (3.16)
^3
m3A [A] + m3,H [H*] -> m3>c [C] (3.17)
where m1>A=m1>B, and m3 A=m3 c since A, B, and C are expressed in 
terms of their nitrogen contents as mg nitrogen in 100 g 
solution.
The relative production rate can be obtained for this 
scheme using Equations (3.14) and (3.15);
d[B] kx
  = —  [A] ru~nj [h*] hl_hj (3.18)
d[C] k3
(3.13)
(3.14)
(3.15)
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For the case of non-elementary reaction steps and non- 
unimolecular rate expression, an analytical solution of such 
a parallel mechanism is highly complicated or even 
impossible, and must be determined using graphical and 
numerical methods (Eyring, 1980; Lin et al. , 1984; Campbell, 
1980). In general, except for simple unimolecular and 
integer ordered reaction steps, reaction systems are often 
too complicated to be analysed analytically and parallel, 
competitive, reversible or sequential reactions of 
nonunimolecular, various noninteger orders and nonelementary 
kinetics often requires graphical and numerical analysis 
techniques (Espenson, 1981; Lin, 1984; Eyring et al. , 1980) .
Since the desired product is soluble protein in this 
work and the undesired product is the byproduct, if both n3-n3 
and h1-h3>0, then [A] and [IT] should be as high as possible 
(Westerterp et al., 1984; Lin et al., 1984). If, conversly, 
n1-n3 and h1-h3<0, then [A] and [H] should be as low as 
possible (Westerterp et al., 1984; Lin et al., 1984). When 
n1-n3<0 and h1-h3>0 or vice versa, the concentration of one 
reactant should be kept low and the other kept high 
(Westerterp et al., 1984; Lin et al. , 1984).
3.3 Methods of Reaction Rate Determination
The primary aim of an experimental design to determine 
a postulated reaction mechanism is to obtain the reaction 
orders and rate constants. Least-squares and steepest-descent 
methods can be used to fit experimental reaction data to
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postulated mechanisms (Wiberg, 1974; SAS, 1993). For complex 
reaction mechanisms comprising a system of more than one 
equation, the rate equations must be fit simultaneously to 
avoid biased results (Wiberg, 1974). However, the fit of a 
postulated reaction mechanism yields parameters for that 
model whether or not the system has actually the postulated 
kinetics (Wiberg, 1974). Therefore, it is highly desirable 
to conduct a residual analysis of the deviations as a 
function of time for visual examination to check if the 
deviations are randomly scattered (Wiberg, 1974).
When the differential equations describing a complex 
rate process do not yield an analytical solution the problem 
may be solved using numerical integration (Wiberg, 1974). 
Numerical integration is often used to compare the results of 
the system of rate equations with the experimental results 
(Espenson, 1981; Wiberg, 1974) . By varying the rate 
constants, the temperature effect on the kinetic curves also 
can be determined (Espenson, 1981; Wiberg, 1974). Numerical 
integration methods such as Runge-Kutta and Euler 
approximates each concentration derivative in sufficiently 
small increments that the error is negligable (Espenson, 
1981; Wiberg, 1974) .
Among reliable methods of calculation of reaction 
rates in bioprocess engineering from experimental data are 
"average rate-equal area" and "mid-point slope" methods 
(Doran, 1995). The average rate-equal area method has the
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disadvantage of being difficult to apply to scatter data. 
This method starts with a plot of Aconcentration / Atime 
values followed by a horizontal line drawn for that interval. 
A smooth curve is drawn to cut the horizantal lines such that 
the areas above and below the curve are equal for each time 
interval (Doran, 1995) . The curve gives the dconcentration/dt 
for all points in time. In the mid-point slope method, the 
raw data are smoothed and values tabulated at intervals 
(Doran, 1995) . In this method, the raw data is plotted and 
smoothed by hand (Doran, 1995) . An interval less than the 
sampling period is chosen and the rates are calculated mid­
way between two adjacent intervals.
One obvious alternative is the simultaneous fit of 
the equations using all experimental data by expressing the 
derivatives as the difference of concentration values per 
sampling period such as
d [A] [A] c - [A] C_1
  = ------------- (3.19)
dt At
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IV MATERIALS AND METHODS
4.1 Experimental Design
The experiments was designed to obtain data for acid 
solubilization of fish protein at elevated temperatures to 
accomplish the following: 1) to understand the mechanism
type; 2) to determine the reaction orders and rate constants 
valid over a range of operating variables; 3) to verify the 
postulated mechanism and to compare the rate calculation 
methods employed; and 4) to determine the functional 
relationship between concentrations and product color.
The solubilization experiments for postulated 
reaction mechanism determination were conducted randomly at 
3 temperatures (388.7, 394.25, 399.8 K) and at three acid
levels (3, 4, 5 g phosphoric acid / 100 g 40% aqueous mince 
solutions), with nine sampling times (0.0, 0.5, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5, 4.0 hours). The entire experiment was 
replicated twice to improve process results. The schematics 
of the processing and analysis of the hydrolysis runs was 
shown in Figure (4.1). The verification of the experimental 
mechanism on independent data was also needed to test the 
limitations of the hypothesized mechanism. Therefore five 
sets of independent verification runs were conducted at 
various acid and temperature levels.
29
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4.1.1 Experimental Design £or Verification and Test of 
Rate Determination Methods
A series of independent verification runs were 
conducted to test the postulated mechanism and to compare the 
rate determination methods. The runs were done similar to the 
runs done for mechanism determination but at various acid and 
temperature levels including step increase and decrease in 
temperature, low acid percent and low temperature.
4.2 Processing Equipment
A 76 liter (20 gallons) stainless steel, steam 
heated, stirred batch reactor equipped with pressure, 
temperature and rpm measuring equipment (CWD7T type 2 0 
GALLON STYLE VACUUM PAN, Lee Industries, Inc. Philipsburg, 
PA) was used for the hydrolysis of 20 kg of catfish mince 
samples with phosphoric acid at elevated temperatures, 
Figure (4.2) . The reactor was also equipped with a safety 
valve that would release the pressure in case of exceeding 
the targeted set-point temperature which was manipulated by 
adjusting the jacket steam flow rate by hand. The digester 
was fitted with a specially designed sampling device for 
uninterrupted sampling during processing.
4.3 Raw Material Preparation
A batch of approximately 0.6 metric ton of fresh 
catfish frames obtained from Cargill Fishery Products Company 
(Winser, LA) were kept at -20°C until transported to the LSU
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Figure 4.2 Schematics of the hydrolysis reactor
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Agricultural Center Muscle Food Laboratory in ice chests 
where the frozen frames were first cut with Urschel model 
3600-673 food cutter (URSCHEL LABORATORIES, INC., VALPARAISO, 
IND.) and minced with Paoli model 23-668 deboner (Stephan 
Paoli International, Rockford, IL) at 5°C under sanitary 
conditions. The mince was stored at -20°C in approximately 
11 kg of air impermeable packages kept in cardboard boxes 
untill needed.
4.4 Reaction Process and Sampling
Two hours before a hydrolysis trial, frozen mince was 
thawed in circulating water bath at about 25°C. Two samples 
were taken from each batch, bottled and kept frozen at -2 0°C 
untill further traetment. Twenty kilograms of thawed mince 
were put into the reactor with 3 0 kilograms of water at about 
25°C. Right after addition of the targeted percent of acid 
from 85% phosphoric acid stock, the digester was closed, 
steam was released into reactor jacked and the stirrer was 
adjusted to 15 rpm, all within 5 minutes. An initial (zero 
time) sample was taken followed by routine sampling at 0.5 
hour intervals for the next 4 hours. Samples were sub-divided 
into 4 bottles and placed on ice until moved to a storage 
freezer at -20°C at the end of each trial. Steam pressure, 
digester pressure, digester temperature were recorded at each 
sampling interval.
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4.5 Sample Analysis
4.5.1 Soluble Nitrogeneous Materials Separation
Frozen sub-samples used for determinating the soluble 
nitrogen were thawed from -20°C up to +10°C in a water bath 
in batches of six samples. Approximately 100 mL from each 
sample was centrifuged at +10°C tube temperature and 11,000 
rev/min for 3 0 minutes.
The centrifuge used was a Sorvall RC-5B Refrigerated 
Superspeed Centrifuge (Du Pont Instruments, Wilmington, 
Delaware) with a six place GSA Sorvall Superspeed Fixed Angle 
Rotor of 11.90 cm radius and 28° tube angle.
After the centrifugation, the clear liquid part was 
transferred into pre-numbered bottles and frozen at -2 0°C 
until analysed for the total nitrogen content.
4.5.2 Total Nitrogen Determination
The samples to be analysed for the total nitrogen 
determination were first thawed from -2 0°C to 5-10°C in a 
water bath. Each sample was homogenized in 50 ml tubes using 
a TEMPEST-VIRTISHEAR (VirTis Inc., New York, NY) mechanical 
homogenizer. Homogenized samples were return to frozen 
storage at -20°C until analysis with AOAC Official Method 
976.06.
4.5.3 Nonprotein Nitrogen Determination
The samples to be analysed for nonprotein nitrogen 
contents were first thawed from -20°C (long term storage 
temperature) up to 20°C an a water bath. Samples were
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analysed randomly for ammoniacal nitrogen, anunoniacal plus 
nitrate nitrogen, and ammoniacal plus urea nitrogen using a 
Technicon AutoAnalyzer II (TECHNICON INDUSTRIAL SYSTEMS / 
TARRYTOWN, N.Y. 10591) for determination of the nonprotein 
nitrogen contents of the samples.
4.5.4 pH Measurement
The samples to be analysed for pH were first thawed from 
-20°C (long term storage temperature) up to 20°C in a water 
bath. Their pH values were measured with a digital pH-meter 
(DIGI-SENSE, model no. 5938-10, Cole-Parmer Instrument Co., 
Niles, Illinois) at that temperature randomly and the values 
are recorded.
4.5.5 Color Determination
Color of the liquid samples were determined using a 
Hunter color difference meter (LABSCAN-2 0/45, Hunter 
Associates Laboratory, Inc., Reston, VA) . The Hunter L- 
(lightness/darkness) , a- (red/green), and b- (yellow/blue) of 
the samples were measured in a cylindrical glass cell with 6 
cm diameter and 3 cm height. The colorimeter was first 
standardized with a standard black plate and a standard white 
plate for reflectance with 5 cm opening. The Hunter L-, a-, 
and b- values were reported as an average of three readings 
with 90° orientation difference.
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4.6 Computational Procedures £or Model Development 
and Verification
The major steps in the computational procedures for the 
characterization are as illustrated in Figure (4.3) . The pH 
values of the samples are converted to the [H+] , in mg / 100 
g 40% mince solution, for a mince moisture of 67.5%, 
hydrogenion molecular weight of 1 g/mole, and water density 
of 1 g/mL at 20°C. Insoluble protein nitrogen concentrations 
are calculated by subtracting soluble nitrogen from the total 
nitrogen concentrations and soluble protein nitrogen 
concentrations are calculated by subtracting the nonprotein 
nitrogen from the soluble nitrogen concentrations. Two 
methods were employed for the rate determination for the 
caharacterization of the fish protein hydrolysis at elevated 
temperature: 1) simultaneous fit of the rate equations using 
raw data; 2) simultaneous fit of the rate equations using 
mid-point slope method. Postulated mechanism was verified 
and two rate determination methods were compared on 
independent data. Computer programs used in rate 
determination and verification procedures are included in 
Appendix A.
4.6.1 Rate Determination Procedures
A statistics package, The SAS System for Windows™: 
Release 6.11 (SAS Institute Inc., Cary, NC 27513, USA), was 
used for simultaneous fit of the rate equations to both the 
raw data and the smoothed data calculated by mid-point slope
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method. PROC MODEL procedure of SAS was chosen for the fit
since the MODEL procedure was to estimate models in which the
relationshps among variables comprise a system of one or more
nonlinear equations (SAS, 1993). Among six available
parameter estimation methods within PROC MODEL, three-stage
least squares method were used for the simultaneous fit of
the rate equations since it takes simultaneous equation bias
and cross-equation correlation of the errors (SAS, 1993).
4.6.2 Postulated Mechanism Verification and test of 
Rate Determination Methods
For the verification of the postulated mechanism 
using independent data FORTRAN (WATFOR-77 VI. 4 WATCOM 
Systems Inc. 1986) was used for the simulation of the 
postulated mechanism. The differential equations were 
integrated using Euler method (Chandra and Singh, 1995; 
Luyben, 1973). Observed initial concentration values and 
temperatures were used in the simulations except for the 
verification runs at 1 g acid for 100 g 40% mince solution 
level where hydrogen ion concentrations were constant during 
hydrolysis. The same numerical method was also amployed to 
calculate the set-point temperature and initial hydrogen ion 
concentration values for a fixed hydrolysis time to obtain 
higher soluble protein yield for a limiting Hunter L- color 
value.
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V RESULTS AMD DISCUSSION 
5.1 Experimental Observations for Solubilization Mechanism 
Determination 
5.1.1 Insoluble Protein Concentration Behaviour
Observed average insoluble protein nitrogen 
concentrations of the duplicate runs decreased during the 
batch hydrolysis of the catfish mince at all initial 
phosphoric acid and set-point temperature levels, Figures 
(5.1) to (5.3). There was a decrease in the insoluble 
protein nitrogen concentration as the temperature increased 
for each individual initial acid level, Figures (5.1) to 
(5.3). There was a clear decrease in the insoluble protein 
nitrogen concentrations as the initial acid percentage level 
increased for the same temperature level, Figures (5.4) to
(5.6). A comparison of the Figures (5.1) to (5.3) with (5.4) 
to (5.6) shows that the change in the experimental acid 
levels chosen were more effective on the solubilization of 
the insoluble protein than the change in the experimental 
temperature levels chosen. Solubilization of more insoluble 
protein as the steady state temperature levels and initial 
hydrogen ion concentrations increased indicated that the 
change in the insoluble protein concentration was dependent 
on the temperature as well as the initial acid 
concentrations. Insoluble protein data is presented in 
Appendix B. A significant acid effect on the insoluble
39
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protein concentration was observed (F=13.17, PcO.OOOl and for 
P<0.15 confidence). Additionally, significant temperature 
effect on the insoluble protein concentration was observed 
(F=2.99, P<0.05557 and for P<0.15 confidence). The least
squares means of insoluble protein nitrogen for three acid 
levels were 335, 252, and 201 mg nitrogen / 100 g solution 
for 3, 4, and 5 g acid levels respectively. The least square 
means of insoluble nitrogen concentrations for three 
temperatures are 298, 255, and 235 mg nitrogen / 100 g
solution for 388.7, 394.25, and 399.8 K set-point
temperatures respectively.
5.1.2 Soluble Protein Concentration Behaviour
Soluble protein data presented in Appendix B. A 
significant acid effect on the soluble protein concentration 
was observed (F=11.63, P<0.0001 and for P<0.15 confidence). 
However, only a moderate temperature effect on the soluble 
protein concentration was observed (F=2.43, P<0.0945 and for 
P<0.15 confidence). The least squares means of soluble 
protein nitrogen for three acid levels were 603, 683, and 728 
mg nitrogen / 100 g solution for 3, 4, and 5 g acid levels 
respectively. The least square means of soluble nitrogen 
concentrations for three temperatures are 63 9, 680, and 695 
mg nitrogen / 100 g solution for 388.7, 394.25, and 399.8 K 
set-point temperatures respectively.
Observed average soluble protein nitrogen 
concentrations of the duplicate runs increased during the
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batch hydrolysis of the catfish mince at all initial 
phosphoric acid and steady state temperature levels, Figures
(5.7) to (5.9). That increase was most clear as the 
temperature level was increased from 388.7 to 399.8 K for the 
same initial acid level, Figures (5.7) to (5.9). There was 
also an increase in the soluble protein nitrogen 
concentration as the initial acid percentage level was 
increased for the same temperature level, Figures (5.10) to
(5.12). A comparison of the Figures (5.7) to (5.9) with 
(5.10) to (5.12) shows that the change in the experimental 
acid levels chosen were more effective in the production of 
the soluble protein nitrogen concentrations than the change 
in the experimental temperature levels chosen. Production of 
more soluble protein nitrogen as the steady state temperature 
levels and initial hydrogen ion concentrations increased 
indicated that the change in the soluble protein 
concentration was dependent on the temperature as well as the 
initial acid percentage. There was not a clear sign of a 
decomposition product formation within the experimental 
range. Had there been decomposition product formation, the 
soluble protein would be seen as a significant decrease in 
the soluble protein nitrogen concentrations after some 
maximum soluble protein concentration had been reached.
5.1.3 Free Ammonia Concentration Behaviour
Nonprotein ammonia data presented in Appendix B. A 
significant acid effect on the free ammonia concentration was
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versus time for 3, 4 , and 5gacid/100 g40% mince solution at 
388.70 K set—point temperature .
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Figure 5.11 Observed soluble prote in nitrogen concentrations
versus time for 3, 4 , and 5 g acid / 100 g 40% mince solution at
394.25 K se t-point temperature.
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Figure 5.12 Observed soluble protein nitrogen concentrations
versus time for 3 , 4 , and 5gacid/100 g40% mince solution at
399.80 K se t—point temperature.
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observed (F=39.15, P<0.0001 and for P<0.15 confidence). Also 
a temperature effect on the free ammonia concentration was 
significant (F=21.81, P<0.0001 and for P<0.15 confidence). 
The least squares means of free ammonia nitrogen for three 
acid levels were 30, 32, and 39 mg nitrogen / 100 g solution 
for 3, 4, and 5 g acid levels respectively. The least square 
means of free ammonia nitrogen concentrations for three 
temperatures were 30, 33, and 37 mg nitrogen / 100 g solution 
for 388.7, 394.25, and 399.8 K set-point temperatures
respectively. Observed average nonprotein ammonia nitrogen 
concentrations of the duplicate runs were increased during 
the batch hydrolysis of the catfish mince at all initial 
phosphoric acid and steady state temperature levels, Figures
(5.13) to (5.15). There was an increase in the nonprotein 
ammonia nitrogen concentration as the temperature level 
increased for the same initial acid level, Figures (5.13) to
(5.15) . There was also an increase in the nonprotein ammonia 
nitrogen concentration as the initial acid percentage level 
was increased for the same temperature level, Figures (5.16) 
to (5.18). A comparison of the Figures (5.13) to (5.15) with
(5.16) to (5.18) shows that the change in the experimental 
acid levels chosen were more effective on the production of 
the ammonia nitrogen concentrations than the change in the 
experimental temperature levels chosen. Formation of more 
ammonia nitrogen as the steady state temperature levels and 
initial hydrogen ion concentrations increased indicated that
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Figure 5.13 Observed free ammonianitrogen concentrations
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the change in the nonprotein ammonia was dependent on the 
temperature as well as the initial acid percentage. The 
relatively small change in the ammonia nitrogen 
concentrations between zero time and 0.5 hour samplings can 
be explained by the first 0.5 hour period corresponds to the 
tempearture rise time to reach set-point. During this period 
the considerable amount of solubilization of the insoluble 
protein may be due to denaturation rather than an actual 
hydrolysis.
5.1.4 Hydrogen Ion Concentration Behaviour
Hydrogen ion concentration data presented in 
Appendix B. A significant acid effect on the hydrogen ion 
concentration was observed (F=103.35, P<0.0001 and for P<0.15 
confidence). Also temperature effect on the hydrogen ion 
concentration was significant (F=7.21, P<0.0013 and for
P<0.15 confidence). The least squares means of hydrogen ion 
for three acid levels were 0.7, 1.3, and 1.9 mg / 100 g
solution for 3, 4, and 5 g acid levels respectively, Figures 
(5.19) to (5.21). The least square means of insoluble 
nitrogen concentrations for three temperatures are 1.5, 1.3, 
and 1.1 mg / 100 g solution for 388.7, 394.25, and 399.8 K 
set-point temperatures respectively, Figures (5.22) to 
(5.24) .
Observed average hydrogen ion concentrations of the 
duplicate runs decreased during the batch hydrolysis of the 
catfish mince for all initial phosphoric acid and steady
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Figure 5.19 Observed hydrogen ion concent.rat.ions
versus time for 3 g acid / 100 g 40% mince solution at 388.70,
394.25, 399 . 80 K set~point temperatures .
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Figure 5.21 Observed hydrogen ion concentrations
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394.25, 399.80Kse t-point temperatures.
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state temperature levels, Figures (5.19) to (5.21). There 
was a decrease in the hydrogen ion concentration as the
temperature level was increased for the same initial acid 
level. Figures (5.19) to (5.21), therefore more hydrogens ion 
were consumed as the steady state temperature levels
increased during solubilization. Since the pH range operated 
at below 5 at all cases, an increase in the pH during batch 
hydrolysis was expected due to the consumption of the
hydrogen ion as within the reaction as outlined in the
Theoretical Considerations section.
5.1.5 Color Behaviour
Color data presented in Appendix B. A significant acid 
effect on the Hunter L- was observed (F=21.75, P<0.0001 and 
for P<0.15 confidence). Additionally, a strong temperature 
effect on the Hunter L- was observed (F=28.71, P<0.0001 and 
for P<0.15 confidence). The least squares means of Hunter L- 
for three acid levels were 48, 47, and 45 for 3, 4, and 5 g 
acid levels respectively. The least square means of Hunter 
L- for three temperatures are 48, 47, and 45 for 388.7,
394.25, and 399.8 K set-point temperatures respectively.
Observed average Hunter L- color values of the 
duplicate runs decreased during the batch hydrolysis of the 
catfish mince at all initial phosphoric acid and steady state 
temperature levels, Figures (5.25) to (5.27). The Hunter L- 
color value decrease was most clear with the increasing 
temperature levels from 388.7 to 399.8 K, Figures (5.25) to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
w
ithout perm
ission.
0)
3
rH
a
>
r,
0
r—I 
0 
u
1
L.
aj
C
3
CC
o
D
3gacid, 240°F
n    i _i o c r \ o r
3g acid, 2G0°F70 i
GO -
50 -
40 -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (hour)
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(5.27), and with the increasing acid level from 3 to 5 g, 
Figures (5.28) to (5.30). A critical observation is that 
Hunter L- color values crosses from white region to the black 
region during hydrolysis. Since Hunter L- color scale starts 
at 100 (white) and goes down to 0 (absolute black) , and 
midpoint, 50, was the point of grey that separates white 
region from the dark. All runs within the experimental levels 
the color of FPHs obtained crosses midpoint from the white to 
black during hydrolysis. By FDA regulation FPC is required 
to be white for use in human consumption (Pariser, 1969) .
A significant acid effect on the Hunter a- was 
observed (F=16.20, P<0.0001 and for P<0.15 confidence).
However only a mild temperature effect on the Hunter a- was 
observed (F=2.48, P<0.0901 and for P<0.15 confidence). The 
least squares means of Hunter a- for three acid levels were 
4.0, 4.7, and 4.9 for 3, 4, and 5 g acid levels respectively. 
The least square means of Hunter a- for three temperatures 
are 4.6, 4.3, and 4.7 for 388.7, 394.25, and 399.8 K set- 
point temperatures respectively.
Observed average Hunter a- color values of the 
duplicate runs increased during the batch hydrolysis of the 
catfish mince at all initial phosphoric acid and steady state 
temperature levels, Figures (5.31) to (5.33). Hunter a- 
color values change within a relatively small interval, 2 to 
6, compared to L- values that changes between 30 to 70. 
Although Hunter a- color values seem to increase with the
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Figure 5.28 Observed Hunter L~ color values , lightness/
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at 388.70 se t-pointtemperature.
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Figure 5.30 Observed Hunter L— color values , lightness,
versus time £ or 3 , 4 , and 5gacid/100 g40% mince solution
at 399.80 K se t—point temperature.
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Figure 5.31 Observed Hunter a~ color values , redness,
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Figure 5.32 Observed Hunter a- color values , redness ,
versus time £or4gacid/100 g40% mince solution at 388.70/
394.25,399.80K set-point temperatures.
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Figure 5.33 Observed Hunter a- color values , redness /
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394.25/ 399.80 Kset—point temperatures.
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increased initial acid levels, Figures (5.31) to (5.33), and 
with increased temperature, Figures (5.34) to (5.36), there 
was no clear increase except between runs at 388.7 and 399.8 
K. Hunter-a color values changes from -a (green) to +a 
(red) . Therefore, all of the experimental color Hunter-a 
values obtained for the FPH solutions were in the red region.
No significant acid effect on the Hunter b- is 
observed (F=0.00, P<0.9991 and for P<0.15 confidence). Also 
no temperature effect on the soluble protein concentration is 
observed (F=0.38, P<0.6863 and for P<0.15 confidence). The 
least squares means of Hunter b- for three acid levels were 
13.7, 13.7, and 13.7 for 3, 4, and 5 g acid levels
respectively. The least square means of Hunter b- for three 
temperatures are 13.6, 13.7, and 13.8 for 388.7, 394.25, and 
399.8 K set-point temperatures respectively.
Observed average Hunter b- color values of the 
duplicate runs slightly increased during batch hydrolysis of 
the catfish mince at all initial phosphoric acid and steady 
state temperature levels, Figures (5.37) to (5.39). Hunter fa- 
color change was relatively small within the interval 11 to 
16, Figures (5.40) to (5.42). Hunter b- color values changes 
from -b (blue) to +b (yellow) therefore all of the 
experimental color Hunter b- values obtained for the FPH 
solutions were in the yellow region.
A correlation analysis showed that there was a 
stronger linear correlation, -0.8722, between Hunter L- and
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non-protein ammonia nitrogen concentrations. Correlation 
between Hunter L- and insoluble protein was 0.6940. 
Correlation between Hunter L- and soluble protein was - 
0.6569. A corresponding ammonia nitrogen concentration of 
26.41 for the midpoint Hunter L- value of 50 was calculated 
from a linear regression of the non-protein ammonia nitrogen 
concentration versus color, Equation (5.1).
[C] = 132.619087 - 2.124213 (L-) (5.1)
5.2 The Solubilization Mechanisms
A decrease in the insoluble protein concentration 
during hydrolysis with the increasing initial hydrogen ion 
concentrations and steady state temperatures were observed 
with increasing soluble protein and non-protein ammonia 
concentrations. As expected there was a decrease in the 
hydrogen ion concentrations with increasing temperature 
levels indication that hydrogen ion was a major reactant. 
Accordingly, hydrogen ion needed to be included into the 
mechanism for the experimental range of mechanism 
determination. Experimental analysis of the samples for 
ammonia and nitrates had showed that there were no 
significant amounts of either in the reaction solutions, 
leaving the soluble and insoluble protein nitrogen and non­
protein ammonia nitrogen as the major sources of nitrogen. 
Considering that no significant effect of a decomposition
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product was observed on the soluble protein profiles, ammonia 
was a byproduct of solubilization rather than a decomposition 
product produced from the soluble protein. The relatively 
small change in the ammonia concentrations at the beginning 
of the solubilization, despite a considerable increase in the 
soluble protein concentration, is considered as an indication 
of protein denaturation processes before the set-point 
temperature reached. Ammonia byproduct formation is 
teherefore derived by high temperature as a result of 
hydrolysis rather than early denaturation.
This finding supports the most general mechanism for 
solubilization to be in a "side-reaction" form.
d[A]
  = - k3 [A]ni [H*] - k, [A]m [IT]h; (5.2)
dt
d[Bj
  = kL [A][JT]h: (5.3)
dt
d[C]
  = k3 [A]m [H~] ^  (5.4)
dt
In a batch case, the hydrogen ion concentration 
changes with respect to time. This change can be expressed 
as in Equation (5.5) for a side-reaction form if hydrogen ion 
is consumed for protein solubilization as well as byproduct 
formation, assuming the stoichiometric relations between 
hydrogen ion consumption with B and C formations are constant
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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ratios within the acid and temperature levels of the 
experimental design.
d[H+] d[B] d[C]
  = - p ---- - q   (5.5)
dt dt dt
Two reaction rate determination methods were applied 
on the experimental data: mid-point slope method and the 
straightforward simultaneous fit. In the mid-point slope 
method, concentrations were not taken from the list of 
original data but were read from a smoothed curve fit to the 
original data. Results of the simultaneous solution of 
Equations (5.2)-(5.5) with two different methods were 
tabulated in Table (5.1) . Those results show that there was 
an increase in the value of rate coefficients with the 
increasing processing temperature.
5.3 Test and Verification of Postulated Reaction Mechanism 
and Comparison of Rate Determination Methods on 
Independent Data
The reaction mechanism determined using two different
rate determination methodologies were verified and tested
using five sets of independent runs including step increase
and decrease in the temperature with "out of range"
temperature level, and "out of range" acid level. A summary
of the verification runs was tabulated in Table (5.2).
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Table 5.1 Model parameters calculated with the two different 
rate determination methods
METHOD 1 METHOD 2
118,911.44 335,145,859.0
Ei 5,910.07 10,082 .24
ni 1.398550 1.858941
hi 1.149404 1.050035
a3 4.277172 1012 714,393,175.0
E3 11,996.44 9,409.07
n3 0.688667 1.052052
h3 0.586602 0 .687502
P 0.00193088 0.00138420
q 0.00816485 0.014108
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Table 5.2 Verification run summary
verification run 
#
g acid/100 g 40% 
mince solution
temperature (K)
I 4
decrease from 
399.8 to 383.15 
at 1st hour
II 4 394 .25
III 4
increase from 
388.7 to 397.03 
at 2nd hour
IV 1 383.15
V 1 394.25
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
Run (I), Table (5.2), was conducted at 4 g acid for 
100 g 40% mince solution with a step decrease in temperature 
at 1st hour from a level that was also chosen for the 
mechanism determination, 399.8 K, down to a value below that 
experimental range, 383.15 K. Observed insoluble protein 
nitrogen, soluble protein nitrogen, nonprotein ammonia 
nitrogen, hydrogen ion concentration values were plotted 
against hydrolysis time in Figures (5.44), (5.45), (5.46),
(5.47) respectively together with the predicted values 
obtained using the two rate determination methods. The 
predicted values, using both rate determination methods 
approximated the observed values.
Verification run (II), Table (5.2), was at 394.25 K 
and 4 g acid / 100 g 40% mince solution, at such levels that 
were identical with the mechanism determination levels though 
this was a verification run independent of them. Observed 
insoluble protein nitrogen, soluble protein nitrogen, 
nonprotein ammonia nitrogen, hydrogen ion concentration 
values were plotted against hydrolysis time in Figures
(5.48), (5.49), (5.50), (5.51) respectively together with the 
predicted values obtained using the two rate determination 
methods. The predicted values, using both rate determination 
methods quite approximated the observed values.
Run (III), Table (5.2), was also conducted at 4 g 
acid for 100 g 40% mince solution with a step increase in 
temperature at 2nd hour from a level that was also chosen for
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Figure 5.49 Observed soluble protein nitrogen versus
time £or4gacid/100 g40% mince solution at 394. 25K.
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the mechanism determination, 388.7 K, to a value, 397.03 K, 
still within the experimental range used for mechanism 
determination (388.7, 394.25, 399.8) but not identical to any 
of them. Observed insoluble protein nitrogen, soluble 
protein nitrogen, nonprotein ammonia nitrogen, hydrogen ion 
concentration values were plotted against hydrolysis time in 
Figures (5.52), (5.53), (5.54), (5.55) respectively together 
with the predicted values obtained using the two rate 
determination methods. For this run, both rate determination 
methods also quite approximate the observed values.
Verification run (IV), Table (5.2), was at 1 g acid 
for 100 g 40% mince solution that was below the experimental 
acid level range used for the determination of the mechanism, 
which was 3 to 5 g for 100 g 40% mince solution. The run was 
done at 383.15 K set-point temperature, a value below the 
experimental temperature level range used for the 
determination of the mechanism which was 3 88.7 to 399.8 K. 
Observed insoluble protein nitrogen, soluble protein nitrogen 
and nonprotein ammonia nitrogen values were plotted against 
hydrolysis time in Figures (5.56), (5.57), (5.58)
respectively together with the predicted values obtained 
using the two rate determination methods. There was not any 
significant change in hydrogen ion concentration during the 
run though there was an obvious solubilization as well as by 
product formation, Figures (5.56)-(5.58). The postulated 
mechanism obtained using both rate determination methods was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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not sufficient to express concentration behaviour at that 
acid level. That was not unexpected because the pH level 
operated at was very near 5 and , as explained in theoretical 
considerations, starting from that pH level the pH was not 
supposed to change during a batch hydrolysis of proteins 
untill pH 6. Even though observed pH values was used for 
simulation of this run the postulated mechanism still was not 
sufficient to express the system.
Run (V), Table (5.2), was also done at 1 g acid for 
100 g 40% mince solution though at 394.25 K, a level that was 
also chosen for the mechanism determination. Observed 
insoluble protein nitrogen, soluble protein nitrogen and 
nonprotein ammonia nitrogen values were plotted against 
hydrolysis time in Figures (5.59), (5.60), (5.61)
respectivels together with the predicted values obtained 
using the two rate determination methods. There was not also 
any significant change in hydrogen ion concentration during 
the run though there was an obvious solubilization as well 
as by product formation, Figures (5.59)—(5.61). The 
postulated mechanism obtained using both rate determination 
methods was not sufficient to express concentration behaviour 
at this acid and temperature level too. That was also quite 
expected because the pH level operated at was very near 5 and 
,as explained in theoretical considerations, starting from 
that pH level the pH was not supposed to change during a 
batch hydrolysis untill pH 6. Even though observed pH values
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was also used for simulation of this run, the postulated 
mechanism was not sufficient to express the system. An 
important observation to be noted was that when the 
corresponding figures of the 1st verification run was 
compared with the second verification run, where the steady 
state temperature was higher than the first one, the soluble 
protein concentrations as well as the byproduct formation 
during the second run was higher.
Predicted values were plotted against the observed 
ones for verification runs in Figures (5.62) to (5.70). A 
comparison of verification run II with V, both at 394.25 but 
run V with 1 g acid while run II with 4 g acid for 400 g 40% 
mince solution, shows that the postulated mechanism was not 
sufficient to approximate the system behaviour at very low 
acid level, near pH 5, while it was sufficient to approximate 
system behaviour at a lower pH level which was quite expected 
due to the pH dependent characteristics of protein hydrolysis 
as discussed before.
A comparison of verification run V with IV, both at 
1 g acid level while run IV was at a lower temperature level, 
which falls below the experimental temperature range chosen 
for the determination of the solubilization mechanism, show 
that there is a clear increase in the soluble protein 
byproduct formations with the increasing temperature though 
in both cases the postulated mechanism was not sufficient to 
approximate the system behaviour for both of the rate 
determination methods employed.
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for 1 st and 2nd rate determination methods at 4 g ac id /1  00 g 402 m ince solution
with step increase at 2.0 hr from  388.7 to 397.03 K
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Verification run I starts at a steady state 
temperature value, 399.8 K, which was also chosen as the 
highest level, with 4 g acid, for the mechanism determination 
experimental range that falls to 383.15 K at 1st hour which 
was well below that range. The predicted values plotted 
against the observed ones, Figures (5.62)-(5.64) show quite 
an approximation though with better performance with rates 
obtained with mid-point slope method except for the 
prediction of hydrogen ion behaviour during hydrolysis, 
Figure (5.64) .
Verification run III also starts at a steady state 
temperature value, 388.7, which was also the lowest level, 
with 4 g acid, for the mechanism determination experimental 
range and rises to 397.0 at 2nd hour. The predicted values 
plotted against the observed ones, Figures (5.68)—(5.70) 
shows quite an approximation with superior performance on the 
behalf of the 2nd rate determination method, midpoint slope 
method, for prediction of the soluble protein behaviour which 
was desired product.
In general, the parameters obtained using the mid-point 
slope method gave a better fit than the parameters obtained 
using raw data. The resulting mechanism was a "side 
reaction" or "parallel reaction" type with nonunimolecular 
and varying reaction orders. As discussed before, such a 
mechanism is too complex to be solved analytically due to the
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involvement of the complex integration procedures. One 
alternative is to use the mechanism to determine the acid and 
steady state temperature values to produce maximum amount of 
B for a predetermined acceptable color limit.
5.4 Reactor operations
FPH includes a variety of materials produced from 
fish though generally it is a concentrated protein material 
obtained from fish (Wheaton and Lawson, 1985). The 
solubility, flavor and color characteristics of the FPC 
products depend on the processing technique used (Wheaton and 
Lawson, 1985) . Acid solubilized fish protein hydrolysate with 
a desired color can be vacuum or spray dried to produce FPC. 
Numerical solution results for determination of set-point 
temperature and initial hydrogen ion concentration values for 
a fixed 1 hour total solubilization time were tabulated in 
Table (5.3). Standard batch processing times are often 
desirable in industrial applications.
The limiting byproduct concentration values were 
determined using linear regression of [C] versus Hunter L-, 
Figure (5.43), for Hunter L- equals 52.5, 50.0, and 47.5. As 
expected, yield was increased as the initial hydrogen ion 
concentration was increased for the same limiting [C] level, 
Table (5.3) .A plot of yield versus Hunter L- for 1 hour fixed 
solubilization time shows the trade off of yield for color, 
Figure (5.71). Figure indicates that a high acid percentage 
is required to get a better soluble protein yield for a
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Table 5.3 Numerical solution results for determination of 
temperature and initial hydrogen ion concentrations for a 
1 hour fixed time andHunter L- of 47.5, 50.0, 52.5
[H*]0 L- [C]lhr
(K)
[B]lhr [A-] 1 hr [H*]lhr yield
(%)
1.43 52.5 21.0 391.2 569.0 377.5 1. 09 59
1.43 50.0 26.4 400.8 626.0 315.6 0.94 65
1.43 47.5 31.6 408.8 673 .2 262 .7 0.80 70
2 .04 52.5 21.0 387.1 584.1 362 .4 1.69 60
2 .04 50.0 26.4 396.5 647 .3 293 .8 1.52 67
2 .04 47.5 31.6 404.2 699.2 236.7 1.38 72
2 .49 52.5 21.0 384.9 593 .0 353 .5 2 .12 61
2 .49 50.0 26 .4 394.3 659 .3 281.8 1.95 68
2 .49 47.5 31.6 402.0 713 .5 222 .4 1.80 74
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corresponding color limit. As the whiteness, Hunter L- value, 
was increased, the yield drops dramatically for the same acid 
level for the higher initial acid concentrations the percent 
drop in yield is higher. A five Hunter L- color units 
increase in the product whiteness corresponds to a 17.6% 
decrease in the percent yield for 1 hour fixed solubilization 
time at 5 g acid while it is 15.7% decrease for 3 g acid. For 
a Hunter L- value of 50, the midpoint of Hunter L- scale that 
separates the white region from black, as a required FPH 
color, the optimal set-point temperature and initial 
phosphoric acid required are 394.29 and 3 g/100 g solution 
respectively, Table (5.3). The predicted profiles at that 
values are calculated through Euler's integration, and 
results are plotted in Figures (5.72) and (5.74). The 
solubilization process have to be stopped at 1 hour to obtain 
FPH with desired whiteness and 68% yield.
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VI SUMMARY AND CONCLUSIONS 
6.1 Investigation Summary
This work achieved a standardization and furthered 
the understanding of the fish protein solubilization with 
acid hydrolysis at elevated temperatures through determining 
the solubilization mechanism. Practical information was also 
supplied, using pilot scale experimental data, about the 
influence of the operating variables on the product colors, 
as well as rate expressions involving the reactants and 
products for carying out the process in practice to produce 
fish protein hydrolysate with desired color characteristics.
6.2 Specific Investigation Conclusions
A significant formation of nonprotein ammonia was 
observed during solubilization of fish protein with acid at 
elevated temperatures while a significant decrease in 
hydrogen ion concentrations were observed within the 
experimental levels.
A non-unimolecular "side reaction" form 
solubilization mechanism with various reaction orders was 
observed consisting of two parallel reactions that produced 
nonprotein ammonia as a byproduct during solubilization. 
Predicted concentration values that were obtained using two 
different rate determination methods were compared on the 
independent verification run data, and "mid-point slope 
method" was found more accurate for determination of the 
reaction rates than the simultaneous nonlinear fit of the raw
134
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data. The ammonia producing step was more heat dependent, 90% 
higher, than the protein solubilization step while the orders 
of the hydrogen ion and insoluble protein concentrations were 
53 and 77% higher respectively for the solubilization step.
A good match was observed between predicted values 
obtained using postulated mechanism and the observed 
concentration values for various temperature levels, but the 
postulated solubilization mechanism determined was not 
sufficient at expressing the solubilization at low initial 
hydrogen ion concentrations where there was no significant 
change expected in the hydrogen ion concentration during 
protein hydrolysis. Relations between the concentrations and 
FPH colors were also studied for determination of critical 
concentration values for obtaining FPH products with 
acceptable functional color properties for food, and a strong 
negative correlation was observed between the lightness and 
nonprotein byproduct. Usefulness of the obtained complex 
solubilization mechanism was shown in an example by 
calculating the set-point temperatures and initial hydrogen 
ion concentrations, for a fixed processing time, to yield a 
higher amount of soluble protein with a Hunter L- color value 
of 50.
6.3 Topics for Future Investigation
Previous studies had observed variability in 
nutritional value of FPH samples obtained using acid 
hydrolysis but could not report if that variability was due
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to differences in raw material compositions, the procedures 
or both (Morrison and McLaughlan, 1961; Morrison et al. , 
1962; Morrison, 1963). Therefore, an appropriate topic for 
further research is investigation of the nutritional aspecs 
of the FPC produced with acid at elevated temperatures in 
relation to operating variables and reactant and product 
concentrations based on the understanding and standardization 
of the FPH production achieved and practical information 
supplied in this investigation. Market potential as well as 
economical feasibility aspecs of the FPH production with acid 
at elevated temperatures can also investigated using 
practical information supplied in this work.
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APPENDIX A 
APPENDIX A. 1
PROC MODEL procedure in SAS used for the determination of 
the postulated mechanism parameters
(At=[A]„, Ht= [H+] av, al=air El=-Elf nl=nlf h l ^ ,  a3=a3# E3=- 
E3, n3=n3, h3 =h3, xl=p, x2=q, yl=d[A]av/dt, y2=d[B]av/dt, 
y3=d[C]„/dt, y4=d[H+]av/dt)
PROC MODEL DATA=data-set-name MAXITER=500;
EXOGENOUS At Ht T;
PARMS al El nl hi a3 E3 n3 h3 xl x2 ; 
yl=-al*EXP (El/T) * (At**nl) * (Ht**hl) -a3*EXP (E3/T) * (At**n3) * (H 
t**h3);
y2=al*EXP(El/T)*(At**nl)*(Ht**hl); 
y3=a3*EXP(E3/T)*(At**n3)*(Ht**h3);
y4=-xl*al*EXP(El/T)*(At**nl)*(Ht**hl)-x2*a3 *EXP(E3/T)*(At** 
n3)*(Ht**h3);
FIT yl y2 y3 y4 START= (al=s tar ting value El=starting 
value nl=starting value hl=starting value a2=starting value 
E3=starting value n3=starting value h3=starting value 
x.l=starting value x2=starting value) / 3sls;
RUN;
APPENDIX A.2
FORTRAN program used for the calculation of the predicted 
values for the five verification runs
PROGRAM verif
DIMENSION AO(5), BO(5), CO(5), HO(5), Tp(5,9) 
DIMENSION al(2), El(2), nl(2), hi(2)
DIMENSION a3(2), E3(2), n3(2), h3(2)
DIMENSION xl(2), x2(2), htp(5,2,9)
DIMENSION atp(5,2,9), btp(5,2,9), ctp(5,2,9)
REAL H, HO, htp 
REAL nl, hi, n3, h3 
REAL kl, k3 
OPEN(9,FILE='1.out')
OPEN(10,FILE='2.out')
OPEN(11,FILE='3.out')
OPEN(12,FILE='4.out')
OPEN(13,FILE='5.out')
DELTA= 0.002 
c initial concentrations 
AO (1) = 634.12 
AO(2) = 603.04 
A0 (3) = 493.00 
A0(4) = 562.72 
A0(5) = 518.54 
B0(1) = 248.12 
B0 (2) = 294.68 
B0(3) = 410.06
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B0 (4) = 333.63
B0 (5) = 379.07
C0(1) = 10.26
CO (2) = 10.89
CO (3) = 9.36
CO (4) = 9.98
CO (5) = 10.37
HO (1) = 0.01
HO (2) = 0.01
HO (3) = 2.24
HO (4) = 2 .12
HO (5) = 2 .00
19
20
21
WRITE(6,19) 
FORMAT('run# 
do 21 ii=l, 5 
WRITE(6,20) ii, 
FORMAT(i3,4f10 
CONTINUE
AO
AO(ii) 
4)
BO CO HO' )
BO(ii), CO(ii), HO(ii)
c parameters from simultaneous fit of experimental data
al(l 
El (1 
nl (1 
hl(l 
a3 (1 
E3 (1 
n3 (1 
h3 (1 
xl(l 
x2 (1
=118911.44
=-5910.07
=1.398550
=1.149404
=4.277172E12
=-11996.44
= 0 .688667
=0 .586602
=0.00193088
=0.00816485
c parameters from mid-point slopes method 
al(2)=335145859.0 
El (2)=-10082.24 
nl(2)=1.858941 
hl(2)=1.050035 
a3 (2)=714393175.0 
E3(2)=-9409.07 
n3(2)=l.052052 
h3(2)=0.687502 
xl(2)=0.00138420 
x2(2)=0.014108 
c observed temperature 
Tp(1,1)=3 00.92 
Tp(l,2)=363.14 
Tp(1,3)=373.70 
Tp(1,4)=375.92 
Tp(1,5)=382.03 
Tp(1,6)=384 . 2 5 
Tp(1,7)=384.25 
Tp(l,8)=383.70 
Tp(1,9)=383.14 
Tp(2,1)=310.92 
Tp(2,2)=378.14
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Tp (2 3 =391 47
Tp (2 4 =396 47
Tp (2 5 =397 58
Tp (2 6 =395 92
Tp (2 7 =392 58
Tp (2 8 =389 81
Tp (2 9 =387 58
Tp (3 1 =289 81
Tp (3 2 =399 81
Tp (3 3 =399 81
Tp (3 4 =383 14
Tp (3 5 =383 14
Tp (3 6 =383 14
Tp (3 7 =383 14
Tp (3 8 =383 14
Tp (3 9 =383 14
Tp (4 1 =299 81
Tp (4 2 =394 81
Tp (4 3 =396 47
Tp (4 4 =395 36
Tp (4 5 =394 25
Tp (4 6 =394 25
Tp (4 7 =394 25
Tp (4 8 =393 14
Tp (4 9 =393 14
Tp (5 1 =302 03
Tp (5 2 =387 58
Tp (5 3 =388 70
Tp (5 4 =388 70
Tp (5 5 =388 70
Tp (5 6 =397 03
Tp (5 7 =397 03
Tp (5 8 =397 03
Tp (5 9 =393 03
c kvrun=l, 2, 3, 4, 5 equivalent to
c verification run # IV, V, I, II, III respectively 
DO 3 000 kvrun=l,5 
c counter for the method is IM 
do 1000 IM=1,2 
c initial values for A, B, C, H 
A=A0(kvrun)
B=B0(kvrun)
C=C0(kvrun)
H=H0(kvrun)
TIME=0.
COUNT=0 . 
k=0
T=Tp(kvrun,1)
100 kl=(al(IM))*(EXP(El(IM) /T) ) 
k3= (a3 (IM) ) * (EXP (E3 (IM) /T) )
ADOT=-kl* (A**nl (IM) ) * (H**hl (IM) ) -k3* (A**n3 (IM) ) * (H**h3 (IM) ) 
BD0T= kl*(A**nl(IM))*(H**hl(IM))
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CDOT= k3*(A**n3(IM))*(H**h3(IM))
HDOT=-xl(IM)*BD0T-x2(IM)*CDOT 
A=A+ADOT * DELTA 
B=B+BDOT*DELTA 
C=C+CDOT*DELTA 
H=H+HDOT*DELTA
if ((kvrun.eq.1).or.(kvrun.eq.2) ) then 
H=H0(kvrun) 
end if 
TIME=TIME+DELTA 
IF (TIME.GT.COUNT) THEN 
COUNT=COUNT+ 0.5 
k=k+l
Atp (kvrun, IM, k) =A 
Btp (kvrun, IM, k) =B 
Ctp (kvrun, IM, k) =C 
Htp (kvrun, IM, k) =H 
END IF
IF (time.GT.4.) THEN 
T=T
ELSE
c a 0.5 hr linear temperature rise time considered
T= ( (Tp (kvrun, k+1) -Tp (kvrun, k) ) /0 . 5) * (time- (count-0 . 5 ) ) +Tp (k
vrun,k)
i f (kvrun.eq.5.and.k .ge.5) then 
T=3 97.03 
end if
if (kvrun.eq.3 .and.k.ge.1) then 
T=3 83.14 
end if 
GO TO 100
END IF 
1000 continue 
3000 CONTINUE
WRITE(9,49)
WRITE(10,49)
WRITE(11,49)
WRITE(12,49)
WRITE(13,49) 
time=0.0 
do 2000 k=l,9 
write(9,50) time,Atp(1,1,k),Btp(1,1,k),
1 Ctp(l, l,k) ,Htp(l, l,k) ,
1 Atp(1,2,k),Btp(1,2,k),Ctp(1,2,k),Htp(l,2,k) 
write(10,50) time,Atp(2,1,k),Btp(2,1, k) ,
1 Ctp(2,l,k),Htp(2,1,k),
1 Atp(2,2,k),Btp(2,2,k),Ctp(2,2,k),Htp(2,2,k) 
write(11,50) time,Atp(3,1,k),Btp(3,1,k) ,
1 Ctp (3 , l,k) , Htp(3 ,1, k) ,
1 Atp(3,2,k),Btp(3,2,k),Ctp(3,2,k),Htp(3,2,k) 
write(12,50) time,Atp(4,1,k),Btp(4,1,k) ,
1 Ctp(4,l,k),Htp(4,1,k),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
148
1 Atp(4,2,k),Btp(4, 2 , k),Ctp(4,2,k),Htp(4,2,k) 
write(13,50) time,Atp(5,1,k),Btp(5,1,k),
1 Ctp(5,l,k),Htp(5,l,k),
1 Atp(5,2,k),Btp(5,2,k),Ctp(5,2,k),Htp(5,2,k) 
time=time+0.5 
2000 CONTINUE
49 FORMAT ('time Atpl Btpl Ctpl Htpl'
1 ' Atp2 Btp2 Ctp2 Htp2' )
50 FORMAT(f3.1,8f9.4)
CLOSE(13)
close(12)
CLOSE(11)
CLOSE(10)
CLOSE(9)
END
APPENDIX A.3
FORTRAN program used for the calculation of the steady 
state and initial processing values
PROGRAM COLDYN3
DIMENSION A0(3), B0(3), CO(3), HO(3)
DIMENSION al(4), El(4), nl(4), hl(4)
DIMENSION a3(4), E3(4), n3(4), h3(4)
DIMENSION xl(4), x2(4)
REAL H, HO 
REAL nl, hi, n3, h3 
REAL kl, k3 
DELTA= 0.005
OPEN(9,FILE='coldyn.out')
: average initial values for the same acid level
A0 (1) = (552.38 + 520.33 + 526.10)/3 .
A0 (2) = (497.70 + 518.68 + 507.99)/3 .
A0 (3) = (527.69 + 492.16 + 533.10)/3 .
B0 (1) = (403.97 + 437.00 + 430.00)/3 .
B0 (2) = (460.00 + 440.00 + 450.00)/3 .
B0 (3) = (430.00 + 465.00 + 422.15)/3 .
CO (1) = ( 11.16 + 10.18 + 11.41)/3 .
CO (2) = ( 9.81 + 8.83 + 9.52)/3 .
CO (3) = ( 9.82 + 10.35 + 12.26)/3 .
HO (1) = ( 1.43 + 1.42 + 1.43)/3 .
HO (2) = ( 1.98 + 2.12 + 2.02)/3 .
HO (3) = ( 2.48 + 2.46 + 2.52)/3 .
WRITE(6,19)
FORMAT('acid level A0 B0 CO19
do 21 ii=l,3 
WRITE(6,20) ii, A0(ii)
20 FORMAT(i3,4f10.4)
21 CONTINUE
Cset=132.619087-2.124213*50 
write(6,*) Cset 
parameters for simultaneous fit 
al(1)=118911.44 
El(l)=-5910.07
HO
B0(ii), CO(ii), HO(ii)
of experimental data
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nl(l)=l.398550 
hl(l)=l.149404 
a3 (1)=4.277172E12 
E3 (1)=-11996.44 
n3(1)=0.688667 
h3(1)=0.586602 
xl(l)=0.00193088 
x2(1)=0.00816485 
c parameters obtained using mid-point slopes 
al(2)=335145859.0 
El(2)=-10082.24 
nl (2)=1.858941 
hl(2)=l.050035 
a3 (2)=714393175.0 
E3(2)=-9409.07 
n3(2)=1.052052 
h3(2)=0.687502 
xl(2)=0.00138420 
x2(2)=0.014108 
c counter for the method is IM 
do 1000 im=l,2 
c counter for acid level is IA 
DO 160 IA=1,3
49 FORMAT ( ' TIME TEMP A B C H kl k3 ' )
251 tcount=388.70
252 continue
c initial values for concentrations 
A=(A0(1)+A0(2)+A0(3) ) /3.
B=(B0(1)+B0(2)+B0(3) )/3 .
C=(C0(1)+C0(2)+C0(3))/3.
H=H0(IA)
TIME=0.
COUNT=0.
T=tcount
Tss=T
100 kl= (al (IM) ) * (EXP (El (IM) /T) ) 
k3=(a3 (IM) ) * (EXP (E3 (IM) /T) )
ADOT=-kl*(A**nl(IM))*(H**hl(IM))-k3*(A**n3(IM))* 
1 (H**h3(IM) )
BDOT= kl*(A**nl(IM))*(H**hl(IM) )
CDOT= k3*(A**n3(IM))*(H**h3(IM))
HDOT=-xl(IM)*BDOT-x2(IM)*CDOT 
A=A+ADOT*DELTA 
B=B+BDOT*DELTA 
C=C+CDOT * DELTA 
H=H+HDOT*DELTA 
TIME=TIME+DELTA
IF (time.GT.l.) THEN
If(ABS(Cset-C).le.0.1 ) then 
WRITE(6,59)
59 FORMAT('metd acid temp time A B C
1 H kl k3')
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WRITE(9,60) IM, HO(IA), T, TIME, A, B, C, H, 
1 kl, k3 
60 FORMAT(i2,9f7.2) 
go to 1001 
end if 
ELSE
IF (time.It.0.5) THEN
T=((Tss-300.)/0.5)*(time)+300.
END IF 
GO TO 100 
END IF 
if (T.le.399.81) then 
tcount=tcount+0.01 
go to 252 
end if 
1001 CONTINUE 
c counter for acid level 
160 CONTINUE 
c counter for method (1, 2)
1000 continue 
CLOSE(9)
END
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APPENDIX B.l 
Experimental data of the five verification runs.
Table B.1.1 Experimental Data For Verification Run I
t [H*] [A] [B] [C] Ei- a- fa­
oo
2 .24 493 .00 410.06 9.36 58 .89 2.70 ll .39
0.5 1.95 340.96 571.54 19 .34 51.72 4.80 13 .49
1.0 1. 62 299 .53 688.78 23 .43 47 .85 4.85 14.02
1.5 1. 62 255.46 668.06 27 .20 47 .23 5.01 14.79
2.0 1.32 192.14 698 .47 28.52 46.92 5.16 14.99
2.5 1.32 44.86 809.88 37.52 45 .47 4.81 14.23
3 . 0 1.29 179.87 662.66 39 .40 43 .43 5.14 14.65
3.5 1.29 163 .24 660.41 41.64 43 .39 5.05 14.32
4.0 1.34 229.79 659.12 42.93 43 .03 4.98 14.00
151
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Table B.1.2 Experimental Data For Verification Run II
t [H*] [A] [B] [C] L- a- fa-
0.0 2.12 562 .72 333.63 9.98 56.45 3.50 13 .20
0.5 1.56 418.09 369 .90 15.32 52 .78 4.18 12.67
1.0 1.46 318.59 450.00 27.54 49 .50 4.12 12.38
1.5 1.26 212 .20 668 .70 33 .35 44.26 5.19 14.45
2.0 1.29 213.00 680.84 37.23 44.28 4.49 13 .71
2.5 1.29 144.40 676.93 41.14 43 .84 4.55 13 .73
3.0 1.20 143 .90 659.72 42 .34 42.63 4.30 13 .27
3.5 1.20 104.93 688.54 45.57 40 .55 4.47 13 .33
4.0 1.05 144.86 687.13 46.99 37 .21 5.06 13.53
Table B. 1.3 Experimental Data For Verification Run III
t [IT] [A] [B] [C] L- a- b-
0.0 2.00 518.54 379.07 10.37 57 .97 3 .79 13 . 65
0.5 1.86 485 .94 415.00 15.11 54.20 3 .88 11.93,
1.0 1.70 374.12 547.00 20.95 50.92 4.26 12.51
1.5 1.26 294.99 642.21 27 .91 50 .07 4.32 13.18,
2.0 1.20 260.99 682.71 33.57 45.31 5 .17 14.73
2.5 1.17 211.79 697 .77 35.79 46.32 4.82 14.49
3.0 1.19 229.13 705.73 36.78 42.55 4.96 14.53
3.5 1.13 165.00 773.27 41.94 43 .81 4.12 13.89
4.0 1.13 164.44 753.45 46.59 38.75 4.87 14.08
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Table B.1.4 Experimental Data For Verification Run IV
t [H*] [A] [B] [C] L- a- fa-
0.0 0.01 634.12 248.12 10.26 61.58 1.34 13 .60
0.5 0.01 703.60 147.02 11.36 59.14 1.46 13 .64
1.0 0.01 518.63 249.52 11.49 61.58 1.34 13 .60
1.5 0 .01 496.97 261.88 13 .92 59.35 2.02 14.57
2.0 0.01 440.45 320.87 14.36 60.05 1.50 14.66
2.5 0.01 441.68 335.46 14.71 61.77 1.32 14.73
3.0 0.01 379.40 364.73 15.39 62 .31 1.38 14.66
3.5 0.01 348.21 377 .72 17.43 59 .37 2.12 14.97
4.0 0.01 395.56 361.44 18.69 54.27 3 . 05 15 .98
Table B.l 5 Experimental Data For Verification Run V
t [H*] [A] [B] [C] L- a- b-
0.0 0.01 603.04 294.68 10.89 57.14 1.04 11.59
0.5 0.02 471.51 309 .29 11.04 54.99 2.41 12 .50
1.0 0 .01 501.11 409 .44 15.86 58.35 0.87 12 .27
1.5 0.01 425 .36 452 .83 17 .92 56.88 1.13 12 .46
2.0 0.01 371.44 482.05 19.15 58.56 1.30 14.05
2.5 0.02 323.84 493.95 22 .52 56.17 1.75 15 .02
3.0 0.01 421.66 507.65 24.14 56.49 1.22 14.14
3.5 0.02 327.06 553.46 24.44 56.39 1.22 14.22
4.0 0.01 308.54 504.36 27 .42 53 .13 1.71 14.72
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Hand calculated derivatives and concentrations for 
application of the mid-point slope method
Table B.2.1 Hand calculated values for mid-point slope 
method for 3 g acid and 388.7 K
t ime T d[BT]
[H*J
d[A]
[A]
d [B]
[B]
d [ C ]
(hr ) (K) d t d t d t d t
[CJ
0. 5 379 . 53  - 0 . 4 5 1.20 - 1 3 0 . 7 9 6 49 3 . 4 4 121 . 36 459.98 9 .44 14 . 09
1. 0 383 . 70  - 0 . 3 5 1.00 - 1 0 6 . 9 3 4 434 . 17 97 . 23 514.45 9 . 7 1 18 . 90
1. 5 3 89 . 8 1  - 0 . 2 6 0.85 - 8 6 . 9 7 4 385 . 85 77 .45 557.93 9 . 5 3 23 .73
2 . 0 387 . 31  - 0 . 1 9 0.74 - 7 0 . 9 1 6 346 . 54 62 . 02 592.62 8 . 90 28 . 35
2 . 5 388 . 42  - 0 . 1 2 0.66 - 5 8 . 7 6 1 314 . 28 50 . 94 620.68 7 . 8 2 32 .55
3 . 0 388 . 14  - 0 . 0 6 0.62 - 5 0 . 5 0 8 287 . 13 44 . 22 644.29 6 . 2 9 36 . 09
3 . 5 388 . 70  - 0 . 0 2 0.60 - 4 6 . 1 5 8 263 . 13 43 .83 665.62 4 . 3 1 38 .76
4 . 0 388 . 98  - 0 . 0 1 0.60 - 4 5 . 7 0 9 240 . 32 41 . 85 686.86 1 . 8 8 40 .33
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Table B.2.2 Hand calculated values for mid-point slope
method for 3 g acid and 394.25 K
t ime T d[H~]
[ i n
d [A]
[A]
d[B]
[B]
d[C]
[C]
(hr ) (K) d t d t dt d t
0 .5 387.31  - 0 . 6 3 1 . 1 0 - 1 3 2 . 2 6 9 4 5 1 . 2 7 119.23 500.84 13 . 04 1 5 . 40
1 .0 393.14 - 0 . 4 9 0 . 82 - 112 . 963 3 8 9 . 9 4 100.62 555.80 12 . 34 2 1 . 7 7
1.5 393.70 - 0 . 3 6 0 . 6 0 - 9 3 . 2 3 2 3 3 8 . 3 8 82.05 601.46 11 .18 2 7 . 6 7
2 . 0 393.98 - 0 . 2 4 0 . 45 - 7 3 . 0 7 8 29 6 . 78 63.53 637.86 9 . 55 3 2 . 8 7
2 . 5 393.42 - 0 . 1 3 0 . 3 6 - 5 2 . 49 9 2 6 5 . 3 7 45.05 665.00 7 . 45 3 7 . 1 4
3. 0 392.86  - 0 . 0 8 0 . 32 - 3 1 . 4 9 6 2 4 4 . 3 5 26 .61 682.91 4 . 89 4 0 . 2 5
3. 5 394.81 - 0 . 0 2 0 . 3 4 - 1 0 . 06 8 233 .94 10.14 691.61 1 . 86 4 1 . 9 5
4 . 0 393.98 - 0 . 0 1 0 .41 - 5 . 0 0 0 2 3 4 . 3 6 8.21 691.13 1 . 64 4 2 . 03
Table B.2.3 Hand calculated values for mid-point slope 
method for 3 g acid and 399.8 K
t ime T a t m d[A] d [B d[C]
[H* [A] [B] [C]
d t(hr )  (K) d t dt dt
0 . 5  380.09 - 0 . 6 9  1 . 0 2  - 15 0 . 2 0 1  4 4 7 . 1 2  136.77 504.38 13 . 43  1 6 . 02
1 . 0  391.75 - 0 . 4 8  0 . 7 2  - 1 3 6 . 11 2  3 7 5 . 3 2  122 . 41  569.36 13 .23  2 2 . 8 3
1 . 5  400.92 - 0 . 3 2  0 . 5 2  - 11 6 . 9 0 5  3 1 1 . 8 6  103 .68  626.06 12 . 40  2 9 . 5 9
80.58 672.31 12 . 00  3 5 . 93
53.12 705.91  10 .03  4 1 . 47
21.28  724.69 7 . 30  4 5 . 8 3
14.92 726.47 3 . 83  4 8 . 6 5
- 5 . 8 8 0  2 0 8 . 92
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Table B.2.4 Hand calculated values for mid-point slope
method for 4 g acid and 388.7 K
t i me  T d[H*]
[H*]
d [A]
[A]
d[B]
[B]
d[C]
[C]
(hr ) (K) d t d t d t d t
0 . 5 383 . 14 - 0 . 3 4 1.78 - 1 4 8 . 6 2 0 429.48 138 . 15 523.84 10.48 14 . 19
1 . 0 388.98 - 0 . 2 6 1.63 - 1 2 7 . 8 9 8 360.31 11 7 . 2 4 587.70 10.36 19 . 49
1 . 5 388 . 70 - 0 . 2 0 1.51 - 1 0 6 . 2 3 3 301.74 95 . 87 641.00 9 .82 2 4 . 7 6
2 . 0 387 . 31 - 0 . 1 5 1.43 - 8 3 . 6 2 3 254 . 24 74 . 03 683.50 9.59 29 .77
2 . 5 387.59 - 0 . 1 4 1.36 - 6 0 . 0 6 9 218.28 51 . 73 714.96 8 .34 34 . 2 7
3 . 0 389.25 - 0 . 1 3 1 .30 - 3 5 . 5 7 2 194.33 2 8 . 9 5 735.15 6.62 38 . 0 4
3 . 5 387 . 86 - 0 . 1 2 1.24 - 1 0 . 1 3 0 182.86 5 . 7 0 743 .83 4.43 40 . 82
Table
method
B.2 .5 
for 4
Hand calculated 
g acid and 394.
values 
25 K
for mid-point slope
tme T d[H*]
c m
d [A]
[A1
d [B]
[B]
d[C]
(Cl
( hr ) (K) dt d t d t d t
0 . 5 381 . 20 - 0 . 6 3 1 .74 - 2 3 9 . 5 1 8 371.85 22 4 . 1 7 579.99 15.35 15 . 67
1 . 0 394.25 -0 .46 1.47 - 1 5 6 . 60 2 273.58 142 . 55 670.91 14.05 23 . 02
1 . 5 392.59 - 0 . 3 2 1.28 - 9 1 . 8 7 0 212.22 79 .35 725 . 61 12.52 2 9 . 6 8
2 . 0 393 .97 -0 .21 1.15 - 4 5 . 3 2 2 178.68 39 . 50 753 .32 10.77 3 5 . 5 1
2 . 5 394 . 81 - 0 . 1 3 1.06 - 1 6 . 9 5 9 163.87 3 4 . 5 6 763.24 8.78 40 .40
3 . 0 393.42 - 0 . 0 8 1 .01 - 6 . 7 7 9 158.69 10 . 65 764.57 6.57 44 . 25
3 . 5 394 . 81 - 0 . 0 7 0.98 - 4 . 0 0 0 154.06 8 .18 766.51 4 .14 4 6 . 9 4
4 . 0 393.14 - 0 . 06 0 .95 - 2 . 0 0 0 140.87 0 . 21 778.28 1.48 4 8 . 3 5
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Table B.2.6 Hand calculated values for mid-point slope
method for 4 g acid and 399.8 K
t ime T d[H*] d [A] d[B] d [C]
[BT] [A] [B] [C]
(hr) (K) d t d t d t d t
0 . 5 394 . 81 - 0 . 5 8 1 . 68 -249 .432 356 52 231 83 594 16 17 .61 16 .84
1 . 0 396 . 20 - 0 . 4 7 1 .42 -163 .045 254 17 147 48 688 21 15 .57 25 .13
1 . 5 398.70 - 0 . 3 7 1 . 21 -95 .155 190 39 81 63 744 72 13 .52 32 .40
2 . 0 400 . 37 - 0 . 2 7 1 . 05 -45 .762 155 93 34 30 772 93 11 .47 38 .65
2 . 5 398 . 14 - 0 . 1 9 0.93 -14 .865 141 54 29. 91 782 09 9 .42 43 .88
3.0 399 . 26 - 0 . 1 1 0 . 85 -8 .464 137 98 5 44 781 46 7 .37 48 .07
3. 5 399.25 - 0 . 0 5 0 . 81 - 1 .000 136. 00 4. 90 780 27 5 .31 51 .24
4 . 0 399 . 81 - 0 . 0 1 0 . 81 0 .000 126 34 3 26 787 79 3 .24 53 .38
Table B . 2  . 7 Hand calculated values for mid-point slope
method for 5 g acid and 388.'7 K
t ime T d[ fT] d [A] d [B] d [C]
[H*] [A] [B] [C]
(hr ) (K) d t d t d t d t
0 .5 390 . 37 - 0 . 2 7 2 . 38 -253 .991 377 . 38 235 . 75 569. 82 18 .24 20 .31
1 . 0 387 . 58 - 0 . 2 6 2 . 28 -172 .055 271 . 54 157. 54 667. 49 14 .52 28 .47
1.5 389 . 25 - 0 . 2 5 2 . 15 -106 .292 202 . 63 94. 95 729 . 96 11 .35 34 .92
2 . 0 385 . 36 - 0 . 2 4 2 . 02 -56 .702 162 . 55 47 . 98 765. 04 8 .72 39 91
2. 5 387 . 86 - 0 . 2 0 1 . 88 -23 .283 143 . 23 16. 65 780. 55 6 .64 43 73
3. 0 387 . 87 - 0 . 1 7 1 . 75 -6 .037 136. 58 16. 39 784. 30 5 .10 46 64
3. 5 389 . 81 - 0 . 1 4 1 . 64 -4 .964 134. 50 0 . 937 784. 09 4 .11 48 92
4 . 0 389.26 - 0 . 1 0 1 .55 -2 .000 128. 92 0. 852 787 . 75 3 .67 50 84
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
158
Table B.2.8 Hand calculated values for mid-point slope
method for 5 g acid and 394.25 K
t ime
(hr)
T d[ IT ]
[H*]
d[A]
[A]
d[B]
[B]
d[C]
[C]
(°K) d t d t d t d t
0 . 5 394.25  - 0 . 4 3 2 . 22 - 251 . 703 331 . 9 4 234.80 618.32 1 6 . 90 17 . 25
1 . 0 394 . 81  - 0 . 3 5 2 . 02 - 1 6 4 . 66 6 228 . 6 6 148.44 713 .30 1 6 . 2 2 2 5 . 5 6
1.5 391.20  - 0 . 2 8 1 . 87 - 9 7 . 0 8 8 164 . 03 82.08 770.09 15 .01 33 .39
2 . 0 392 . 86  - 0 . 2 1 1 . 74 - 48 . 96 9 128 . 33 50.06 798.70 13 .27 40 . 48
2 . 5 395.92  - 0 . 1 5 1 . 65 - 20 . 30 9 111 . 82 35.70 809.12 1 1 . 0 1 46 . 57
3 . 0 393.98  - 0 . 1 0 1 .59 - 11 . 10 8 104 . 77 16.45 811.34 8 . 2 1 51 . 40
3.5 393.70  - 0 . 0 5 1 . 55 - 5 . 0 0 0 97 . 47 9 .30 815.35 4 . 8 8 54 . 69
4. 0 393 . 14  - 0 . 0 1 1 . 54 - 2 . 0 0 0 80 .17 2 .90 831.16 1 . 0 2 56 . 19
Table B.2.9 Hand calculated values for mid-point slope 
method for 5 g acid and 399.8 K
tim e T d[H*]
[H*]
d [A]
[A]
d[B]
[B]
d [C]
[C]
(hr) (°K) d t d t d t t
0 . 5 388.42 - 0 . 6 1 2 . 1 4 - 31 5 . 6 0 9 32 1 . 2 1 296.50 625.41 1 9 . 1 1 20 .89
1 .0 399.26  - 0 . 4 7 1 . 87 - 18 7 . 289 19 6 . 8 4 168.86 740.36 18 . 43 30 . 31
1.5 399.26  - 0 . 3 4 1 . 67 - 9 9 . 1 5 4 12 8 . 5 1 101.94 799.82 16 . 93 39 . 18
2 . 0 399.81  - 0 . 2 3 1 .53 - 9 1 . 4 3 5 99 . 99 74 . 50 820.41 1 4 . 6 2 47 .10
2 . 5 400.64  - 0 . 1 4 1 . 44 - 3 2 . 6 7 8 95 . 0 5 29.89 818.79 11 . 4 9 53 .67
3 . 0 399.53 - 0 . 0 7 1 . 38 - 2 8 . 0 4 6 9 7 . 4 6 14.37 811.59 7 . 5 5 58 . 46
3.5 400.64  - 0 . 0 2 1 . 36 - 2 . 8 7 6 90 . 9 8 13.43 815.45 2 . 7 9 61 . 08
4. 0 399.53 - 0 . 0 1 1 . 36 - 1 . 3 3 2 59 . 37 8.88 847.02 1 . 7 8 61 . 12
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APPENDIX B.3 
Experimental data for mechanism determination
Table B.3.1 Experimental data for 3 g acid and 3 88.7 K
t T [IT] [A] [B] [C] L- a- b-
0.0 299.81 1.71 681.61 275.24 10.66 58.85 3 .83 14.33
0.5 388.70 1.28 590.54 365.80 11.17 55.93 3 .52 13 .34
1.0 390.92 0 .93 397 .15 553 .51 16.85 50 .01 3 .66 12 .29
1.5 390.92 0.69 282 .38 652.59 32.54 50.08 3 .99 12 .65
2.0 387.58 0.59 235 .92 697.06 34.53 50.51 3 .16 12 .61
2.5 388.14 0.70 236 .84 694.74 35.93 48.27 4.08 13 .66
3 .0 389.25 0 .60 228.74 700 .99 37 .78 45 .79 4 .19 13 .67
3.5 388.70 0.58 255.61 670.27 41. 63 44.02 4 .25 13 .66
4.0 388.14 0.67 263 .68 661.90 41.93 41.38 4.65 13 .66
0.0 295.36 1.15 423.16 532 .70 11. 65 58.08 3 .60 13 .72
0.5 370.36 1.22 453.47 501.88 12.16 56.03 4.59 14 .82
1.0 376.47 0.97 455.19 496.49 15.83 55.89 4.48 13 .96
1.5 388.70 1.17 470.61 474.23 22 . 67 54.19 3 .94 13 .90
2.0 387.03 0.79 461.33 480.58 25.60 50.90 4.76 14.08
2.5 388.70 0.48 364.72 575.26 27.53 50.50 4 .55 13 .99
3.0 387.03 0.80 370.04 569.01 28.46 48.02 4.62 14.28
3.5 388.70 0.62 287.39 641.41 38.71 48.02 4 .25 14 .42
4.0 389.81 0 .49 202.60 725.92 38.99 46.51 4.12 14.48
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Table B.3.2 Experimental data for 3 g acid and 394.25 K
t T [IT] [A] [B] CC] L- a- fa-
0.0 300.92 1.42 257.09 700.01 10.41 55.10 2 .93 12 .72
0.5 394.25 0 .74 240.53 713.43 13 .55 52.04 2 .78 11. 60
1.0 393.14 0 . 66 173.46 767.65 26.40 48.78 3 .96 12 .30
1.5 394.25 0 .42 190.17 745.65 31.69 50.90 2 .73 12 .36
2.0 394.25 0.30 62 .34 868.62 36.55 48.78 3 .55 12.99
2.5 393 .70 0 .50 174.96 752.34 40.21 45.63 5 .29 15.13
3.0 392.58 0.53 255.82 671.76 39 .93 41.21 5.61 14.43
3.5 393.14 0.50 256.35 668 .30 42 .86 40.66 6.18 15 . 00
4.0 393.70 0 .54 240.47 683.52 43 .52 40.43 5.95 14.60
0.0 295 .36 1.42 783.58 173.99 9.94 56.33 1.71 14.66
0.5 380.36 1.62 689.25 266.57 11.69 57 .28 1.56 13 . 54
1.0 393.14 0 .82 523.26 426.19 18.06 52.31 3 .11 12 .91
1.5 393.14 0 .90 607.53 335 .23 24.75 50.57 3 .77 13 .33
2.0 393 .70 0 .54 462.21 473 .36 31.94 50 .32 3 .25 12 .97
2.5 393.14 0 .10 334.99 597.66 34.86 46.65 4.00 13 .73
3.0 393.14 0 .29 276.71 653.88 36.92 43 .26 4.87 14.32
3.5 396.47 0.14 194.91 731.70 40.90 41.83 4.92 14.18
4.0 394.25 0 .26 229.48 696.48 41.55 33 .15 4.18 11.52
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Table B.3.3 Experimental data for 3 g acid and 399.8 K
t T [H*] [A] [B] [C] L- a- fa-
0.0 295.92 1.43 459 .96 495.42 12 .13 52 .86 3.33 13 .73
0.5 366.47 1.14 460.89 494.11 12 .51 44.56 4.27 13 .36
1.0 381.47 0.64 278.98 673 .73 14.80 53 .19 4.40 14.55
1.5 399.81 0.46 86.85 856.41 24.25 52 .62 4.48 14.45
2.0 399.25 0.41 62 .07 874.07 31.37 43 .97 4.56 14.35
2.5 400.36 0 .59 190.82 741.11 35 .58 42 .21 5.10 14.61
3.0 399.81 0 .22 260 .33 666.22 40.96 40 .33 5 . 04 14.60
3.5 398.14 0.48 259.97 662.12 45 .42 38.62 5.24 14.33
4.0 399.81 0.15 283 .85 636.05 47 .61 38.62 4.84 14.10
0.0 297 .58 1.43 592 .24 364.58 10.69 51.99 2 .49 13 .80
0.5 393 .70 0 .90 412.67 541.89 12 .95 54.89 3 .34 13 .43
1.0 402.03 0.66 505.75 432.65 29.11 54.34 1.91 12.02
1.5 402.03 0.82 536 .38 392 .73 38 .40 52 .05 1.92 12.00
2.0 400.36 0 .21 427.56 494.33 45 .62 51.09 2 .22 12.13
2.5 398.70 0 .23 252 .27 668.89 46.35 43 .16 3 .95 14.01
3.0 399.81 0.00 146 .74 773 .78 46.99 39 .89 4.64 14.03
3.5 399.81 0.12 125 .75 791.02 50 .74 37 .99 5.15 14.50
4.0 398.70 0.05 130 .32 783 .95 53 .24 37 .99 5 . 65 14.92
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Table B.3.4 Experimental data for 4 g acid and 3 88.7 K
t T [IT] [A] [B] [C] L- a- to­
0.0 293.14 1.75 547.19 409.63 10.69 55.67 1.81 ll.18
0.5 388.70 1.28 545.60 407.17 14.74 60 .48 2.09 11.33
1.0 389.25 1.45 326.09 617.68 23 .74 50.34 4.56 12 .56
1.5 386.47 1.45 281.37 661.71 24.43 47.81 5.13 13 .99
2.0 386.47 1.39 264.49 671.50 31.52 46.92 5.06 14.08
2.5 388.70 1.26 272 .47 660.69 34.35 45 .02 5.02 14.27
3.0 387.58 0 .99 198.00 728.15 41.36 47.61 4.09 13 .52
3.5 388.14 1.17 254.74 669.69 43 .08 43 .53 5.21 14.74
4.0 387.58 1.21 263 .25 659.48 44.78 39.57 5.58 14.16
0.0 277 .58 2.21 448.21 510.37 8.93 54.93 4.40 12 .53
0.5 377.58 2 .22 364.88 592.83 9.80 53 .92 4.68 12.68
1.0 388.70 1.91 347.10 602.32 18 . 09 48.43 5.21 13 .16
1.5 390 .92 1.45 383.48 559.69 24 .34 48.53 4.89 13 .11
2 . 0 388.14 1.51 199.39 738.50 29 . 62 45 .79 4.72 13 .14
2.5 386.47 1.52 115.73 819.31 32 .47 44.15 4.67 12 .95
3.0 390 .92 1.53 240.13 691.85 35 .53 44.95 4.64 13 .41
3.5 387.58 1.33 130.10 799.67 37 .74 41.74 5 . 07 13 .48
4.0 388.70 1.13 86.58 840.52 40 .41 39.06 5.27 13 .74
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Table B.3.5 Experimental data for 4 g acid and 3 94.25 K
t T [IT] [A] [B] [C] L- a b-
0.0 286.47 2 .12 586.74 372.27 8.50 58.83 4.54 15.79
0.5 367.03 1.72 443 .23 514.52 9 .76 55.59 5 .06 14.21
1.0 395 .36 1.28 285.68 663 .57 18 .26 51.38 4.29 12 .76
1.5 390.92 1.12 244.11 695.68 27 .72 51.05 4.29 13 .45
2.0 392 .58 1.11 210.52 721.68 35.31 46.79 4.92 14.23
2.5 395.36 0 .93 30.37 897.68 39 .46 44.94 5.23 14.87
3.0 393.70 0 .98 210.76 715.06 41.69 43 .64 5.14 14.34
3.5 394.25 0 .96 202.81 720.40 44.30 41.40 5.85 15.04
4.0 394.25 0 .95 194.86 725.23 47 .42 38.99 6 .57 15.19
0.0 283.14 2 .12 450.63 507.73 9.15 55.10 3 .86 12.58
0.5 395 .36 1.66 294.35 655.48 17.68 51.27 4.09 12 .36
1.0 393.14 1.72 250.26 690.19 27 .06 50.47 3 .89 12 .80
1.5 394.25 1.44 198.18 736.14 33 .19 48.34 3 .79 13 .36
2.0 395 .36 1.13 139.17 790.42 37 .92 46.33 3 .77 13 .53
2.5 394.25 1.29 302 .81 622 .32 42 .38 42 .38 4.10 13 .45
3.0 393.14 0 .98 112.06 810.68 44.77 43 .20 4.01 13 .83
3.5 395 .36 1.00 89.00 830.94 47.57 42 .42 3 .83 13 .65
4.0 392.03 0 .97 94.40 822.21 50.90 40.66 3 .69 13 .13
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Table B.3.6 Experimental data for 4 g acid and 399.8 K
t T [H*] [A] [B] [C] L- a- b-
0.0 284.25 2 .16 586.05 371.58 9.88 53 .90 4.80 12 .95
0.5 387.58 1.63 419.58 539.41 8.52 49 .75 5.83 12 .88
1.0 392.58 1.40 270.59 678.68 18.24 46 .91 5.42 12 .95
1.5 398.70 1.39 199.83 732.55 35.13 45.61 4.93 13 .28
2.0 400.92 1.27 214.72 709 .27 43 .52 42 .37 4.89 13 .52
2.5 397.58 1.16 169.03 754.48 44.00 38 .92 4.94 13 .29
3.0 399.81 1.11 215.23 704.00 48.28 37 .06 4.94 13 .26
3.5 402.03 1.05 214.43 700.62 52.46 36.65 4.92 13 .21
4.0 399.81 1.07 198 .98 711.79 56.74 35.62 5.12 13 .29
0.0 309.81 1.88 429.94 528.42 9.15 59.60 4.97 17 .29
0.5 402.03 1.67 288 .75 660.59 18 .17 51.51 3 .95 12.01
1.0 399.81 1.24 218.68 718.18 30.65 48.96 4.05 13 .35
1.5 398.70 1.41 237 .52 697.45 32 .54 48 .46 4.41 14.69
2.0 399.81 0.69 67 .26 861.77 38 .48 44 .87 5 . 04 14 .91
2 . 5 398.70 0.64 67.80 855 .36 44.35 44 .95 4.90 14.98
3 . 0 398.70 0 .49 124 .96 798.12 44.43 42 .33 5.51 15 .23
3.5 396.47 0 .75 31.12 889 .38 47 . 01 42 .88 5.52 15 .57
4.0 399.81 0.49 56 .68 858.21 52 . 62 40 .77 6.13 15 .49
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Table B.3.7 Experimental data for 5 g acid and 388.7 K
t T [IT] [A] [B] [C] L- a- b-
0.0 290.92 4.68 628.89 329.48 9 .14 62.15 4.98 18.24
0.5 389.81 2 .37 465.93 481.31 20 .27 48.08 4.62 11.87
1.0 387.58 2 .22 271.53 674.33 21.65 44.37 5 .27 12 .12
1.5 390.92 2.07 293.80 641.86 31.85 45.88 4.92 13 .22
2.0 387.58 1.93 271.27 662 .22 34.02 43.41 5.04 13 .43
2.5 387.58 1.66 241.03 690 .37 36 .11 40.05 5.90 13 .54
3.0 389.81 1.65 226.78 701.23 39.50 41.94 5.30 13 .97
3.5 389.81 1.57 264.90 660.63 41.98 40.76 5 . 68 14.01
4.0 388.70 1.74 241.84 683.40 42 .27 39.50 5.93 14.04
0.0 299.81 0 .28 426.49 530.52 10 .50 63 .19 4.91 18 .51
0.5 390.92 2.31 306.51 638.69 22 .31 49.19 4.55 12 .14
1.0 387.58 2.18 228.76 705.67 33 .08 48. 64 4.48 13 .12
1.5 387.58 2 .37 148.22 779.84 39 .45 46.65 4.94 13 .38
2.0 383.14 2.21 24.74 897.78 44 .99 45.36 4.78 13 .36
2.5 388.14 2.16 91.92 824.23 51.36 44.47 4.91 13 .46
3.0 385.92 1.67 14.97 898.77 53 .77 43 .88 4.79 13 .22
3.5 389.81 1.73 1.83 909.37 56.31 42.10 4.89 13.59^
4.0 389.81 1.40 21.76 886.60 59.15 42.23 4.84 13 .64
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Table B.3.8 Experimental data for 5 g acid and 394.25 K
t T [fn [A] [B] [C] L- a- b-
0.0 290.92 2.65 440.69 516.57 10 .25 58.36 2 .77 12.95
ino 394.25 2 .07 375.50 575.73 16.28 54.67 4.27 12.62
1.0 396.47 1.84 214.86 724.84 27.81 47.81 4.96 12 .89
1.5 390.92 1.74 184.12 747.41 35 .98 47.95 4.83 13 .83
2.0 393.14 1.64 210.52 717.42 39 .57 44.40 5.07 14.33
2.5 396.47 1.62 178.18 744.59 44.74 43 .76 5 .22 14.49
3.0 394.81 1.54 166.31 755.03 46.17 40.29 5 .90 14.49
3.5 394.25 1.54 161.76 750.01 55 .74 40.36 5.60 14.16
4.0 393.14 1.52 176.96 734.45 56.10 38.47 6.18 14.74
0.0 271.47 2 .27 543.64 413.43 10.44 57.30 2.55 13 .59
0.5 394.25 2.33 280.31 675.43 11.77 47.82 4.05 13 .26
1.0 393.14 2.30 191.50 752.80 23 .21 47.88 3 .89 13 .69
1.5 391.47 1.94 143.91 788.59 35.01 47.40 4.28 13 .74
2.0 392 .58 1.84 139.91 784.98 42 . 62 43 .13 4.67 13 .79
2.5 395 .36 1. 66 14.33 904.67 48.51 44.33 4.41 13 .66
3.0 393.14 1.70 29 .25 884.97 53 .29 43 .09 4.52 13 .71
3.5 393.14 1.54 5.06 908.61 53 .84 39.63 5 . 00 13 .93
4.0 393.14 1.56 4.80 905.55 57.16 40.24 4.87 13 .94
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Table B.3.9 Experimental data for 5 g acid and 399.8 K
t T [H*] [A] [B] [C] L a b-
oo
328.70 2.04 634.90 318.87 13 .74 53 .18 3 .09 12 .86
0.5 402.03 2.00 551.87 389.54 26.10 46.91 4.06 12 .00
Ot—1 399.81 1.70 298.80 630.90 37.81 47 .74 3 .78 12 .95
1.5 399 .81 1.78 220.04 701.90 45.57 42 .25 5 .54 13 .84
2.0 400.92 1.72 204.08 710.84 52 .59 40 .46 6.02 14 .13
2.5 402.03 1.61 188.01 721.46 58.04 38.88 6.55 14.39
3.0 399.81 1.59 158.36 747.04 62.11 37 .38 6 .48 14.14
3.5 402.03 1.55 158.64 743.44 65 .43 35 . 68 6.70 14 .04
4.0 399 .81 1.51 122.66 776.15 68.70 34.74 7 .24 14.14
0.0 283.14 3 .00 431.31 525 .43 10.77 54 .71 3 .96 14.31
0.5 374.81 2 .08 25.28 930.46 11.77 50 .42 4.93 13 .45
1.0 398.70 2 .14 115.20 829.10 23 .21 49 .71 4 .53 12 .05
1.5 398.70 1.62 44.40 888.10 35.01 47 . 00 4.25 13 .02
2.0 398.70 1.28 15 .73 909.16 42.62 44.03 4.44 13 .62
2.5 399 .25 1.29 20.46 898.54 48.51 40.00 4.91 13 .20
3.0 399.25 1.11 1.26 912.96 53 .29 40 .45 4.47 13 . 06
3.5 399.25 1.21 13 .79 896.56 57.16 38 .23 4.82 3 .11
4.0 99 .25 1.21 9.82 903 .85 53 .84 38.97 4.63 13 .40
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APPENDIX C 
Catfish Mince Composition
Table C.l Composition of catfish mince produced using Paoli 
deboner (Chou, 1993).
% Moisture 66 .10±0.60
% Fat 19 . 62±0.41
% Protein 12.62±0.14
% Ash 1.40±0.05
Table C.2 Nitrogen and moisture content of catfish mince used 
in this investigation
mg nitrogen in 100 g mince 2418 . 784±21.16
g moisture in 100 g mince 67 . 5±0.87
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